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Description

BACKGROUND OF THE INVENTION

[0001] Gene targeting is a technique to introduce ge-
netic change into specific locations in the genome of a
cell. The targeted introduction of genetic changes can be
used as a powerful experimental approach and as a ther-
apeutic technique for ameliorating genetic aspects of dis-
ease. Gene targeting is widely used in murine embryonic
stem cells (ES cells) and certain other specialized cell
types such as chicken B-cell line DT40 to facilitate re-
search on the genetic control of many processes. Gene
targeting also represents a potentially powerful way of
performing gene therapy. More than 3,000 diseases are
caused by mutations such as, for example, hemophilia,
Tay-Sachs disease, Duchenne’s muscular dystrophy,
Huntington’s disease, alpha-thalassemia, Lesch Nyhan
syndrome, etc. Most of these diseases cannot be treated
medically. If gene targeting could be harnessed for use
in humans, it could be used to correct many of these
genetic diseases.

[0002] Itis known that genes introduced into mamma-
lian cells integrate into the DNA of the cell primarily at
non-homologous sites. Chandrasegaran and Smith
(1999), Biol. Chem., 380:841-848 is a review article on
chimeric restriction enzymes and their potential use for
genome engineering. Bibikova et al. (Jan 2001), Molec-
ular and Cellular Biology, 289-297 describes the stimu-
lation of homologous recombination through targeted
cleavage by chimeric nucleases.Thus, instead of replac-
ing a mutated gene, the wild type copy will be introduced
at another locus in the DNA. In the cell types that have
been used for gene therapy, the rate of gene targeting
is extremely low. Therefore, there is a need to develop
a technique to increase the efficiency of gene targeting
so that it can be used in cell types for experimental and
therapeutic purposes including gene therapy.

SUMMARY

[0003] The presentinvention is defined by the claims.
The present invention is based in part on the discovery
of methods and compositions for gene targeting in cells,
and particularly in mammalian cells. Methods and com-
positions disclosed herein may be used, for example, to
alter one or more selected sequences in the genome of
a cell. An alteration may include a deletion, an insertion
(possibly of an entire gene) or a change in one or more
basepairs, as well as combinations of several different
changes. An alteration may be made to effect a variety
of possible purposes, including, for example, to amelio-
rate a genetic disorder in a subject, to confer a desirable
genotype on a subject or cell, to increase the production
or activity of a beneficial polypeptide in a subject or cell,
to decrease the production or activity of an undesirable
polypeptide in a subject or cell and to investigate the ef-
fects of genetic changes in a non-human organism or

10

15

20

25

30

35

40

45

50

55

any cell type.

[0004] In certain embodiments, the present invention
provides a plasmid vector for use in integrating a repair
substrate into genomic DNA, the plasmid vector compris-
ing (a) a nucleic acid encoding two chimeric nucleases,
wherein each chimeric nuclease comprises: (i) a DNA
binding domain comprising at least three zinc finger do-
mains; (ii) a Fok | cleavage domain; (iii)a nuclear locali-
zation signal (NLS), wherein the chimeric nucleases
dimerize to cleave genomic DNA; and (b) a nucleic acid
comprising a repair substrate that comprises: (i) a nucleic
acid sequence that is substantially identical to a region
flanking a target sequence in chromosomal DNA; and (ii)
a nucleic acid sequence which replaces the target se-
quence upon recombination between the repair sub-
strate and the target sequence following cleavage of the
genomic DNA by a heterodimer of the chimeric nucleases
of (a) and further, wherein the genomic DNA is inactivated
following integration of the repair substrate. The present
invention also provides a cell comprising the vector of
the invention. The invention furthermore relates to a re-
combinant transfection system, comprising: (i) the vector
of the invention; and (ii) a gene delivery composition for
delivering said vector to a cell and causing said cell to
be transfected with said vector. The invention provides
a method of inactivating a target sequence in genomic
DNA of an isolated cell in vitro, comprising: introducing
a vector according of the invention into the cell, whereby
the target sequence is changed by the repair substrate
of the vector upon recombination between the repair sub-
strate and the target sequence. Finally, the present in-
vention provides the vector of the invention for use in
ameliorating, treating or preventing, a disease caused,
in part of in whole by a genomic target sequence. Also
described herein are methods for changing a target se-
quence in genomic DNA of a cell, such as a mammalian
cell. Such method may comprise: (a) introducing a chi-
meric nuclease into the cell, wherein said chimeric nu-
clease comprises: (i) a DNA binding domain; and (ii) a
cleavage domain; and (b) introducing a repair substrate
into the cell, wherein said repair substrate comprises: (i)
a nucleic acid sequence that is substantially identical to
regions on one or both sides of the target sequence; and
(ii) a nucleic acid sequence which changes the target
sequence upon recombination between the repair sub-
strate and the target sequence, whereby the target se-
quence is changed by the repair substrate upon recom-
bination. Optionally, the target sequence is selected such
that it contains an allele that contributes to a disease,
such as a genetic disease, so that the target sequence
is repaired by the repair substrate. However, methods
disclosed herein may also be used to introduce essen-
tially any desirable change in genomic sequence, includ-
ing the introduction of novel sequences, such as trans-
genes for expression, the inactivation or attenuation of a
gene, and the introduction of a sequence change that
confers an improved phenotype. The cell may be an in
vitro cell. Preferably, the cell is a human cell.
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[0005] A target sequence may be modified by a repair
substrate in the subject method. For example, an allele
in the target sequence that contributes to a disease in
the target sequence may be repaired by a repair sub-
strate. A target sequence may be attenuated or inacti-
vated by a repair substrate in the subject method. For
example, the target sequence may be situated in a por-
tion of a gene, and the alteration of the sequence de-
creases gene expression or decreases the activity or sta-
bility of the gene product. In yet another specificexample,
a target sequence may be replaced by, or may have in-
serted within it, a heterologous sequence (in the repair
substrate) in the subject method. For example, the het-
erologous sequence may be a transgene intended for
expression in the cell. The alteration may be in the form
of an insertion, deletion, or change in the sequence, or
a mixture thereof. Optionally, the chimeric nuclease and
the repair substrate of the method are encoded by a sin-
gle vector introduced into the cell. In another specific ex-
ample, the chimeric nuclease of the method may further
comprise a nuclear localization signal (NLS).

[0006] In certain cases, the repair substrate of the
method is operably linked to a promoter in a vector. In
certain cases, the chimeric nuclease of the method can
be introduced into the cell by introducing a nucleic acid
encoding the chimeric nuclease. Optionally, this nucleic
acid is operably linked to a promoter. Preferably, such
promoters are inducible promoters. Optionally, the vector
is a viral vector and may be a vector designed for intro-
duction into an individual. The subject methods may con-
template introducing into the cell either the chimeric nu-
clease protein or a nucleic acid encoding the chimeric
nuclease.

[0007] Incertain cases, the DNA binding domain of the
chimeric nuclease comprises a zinc finger domain. In par-
ticular, the DNA binding domain of the chimeric nuclease
may comprise two, three or more zinc finger domains. In
other cases, the cleavage domain of the chimeric nucle-
ase comprises a cleavage domain of a restriction endo-
nuclease such as a cleavage domain of a type Ils restric-
tion endonuclease (e.g., a Fokl cleavage domain). Op-
tionally, the chimeric nuclease of the method may either
form a homodimer of two identical chimeric nucleases or
form a heterodimer of two different chimeric nucleases.
In a particular example, methods described herein may
contemplate use of a nucleic acid that further encodes a
second chimeric nuclease, wherein the second chimeric
nuclease forms a heterodimer with said chimeric nucle-
ase.

[0008] The methods described herein may be used to
alter a genomic target sequence that renders a subject
susceptible to an infectious disease. For example, many
viral and bacterial pathogens enter a cell by binding to
and recruiting a set of cell surface and intracellular pro-
teins. Gene targeting may be used to eliminate or atten-
uate such a binding site or entry mechanism. An exem-
plary target gene is the CCR5 gene that participates in
HIV entryinto T cells. Cells of an individual who is infected
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with HIV or susceptible to HIV infection may be treated
so as to decrease the ability of HIV to enter the cells. For
example, the cell may be a T cell or a T cell progenitor
such as a hematopoietic stem cell.

[0009] The methods described herein may also be
used to introduce a transgene for expression in the cell.
For example, a genetic disease caused by a decrease
in the level of a necessary gene product may be treated
or ameliorated by providing a transgene expressing the
needed gene product. The transgene may be targeted
to the location of the endogenous gene, or to a different
location. In a particular example of the method described,
the site of interest is a transcriptionally active location, or
an "open location" in chromosome. The term "open lo-
cation," as used herein, refers to a specific chromosomal
location that is known to support transcription.

[0010] Also described herein are methods for amelio-
rating, treating or preventing a disease in an individual,
wherein the disease is caused in part or in whole by a
genomic target sequence. Such methods may comprise:
(a) introducing a chimeric nuclease into a cell, wherein
said chimeric nuclease comprises: (i) a DNA binding do-
main; and (ii) a cleavage domain; and (b) introducing a
repair substrate into the cell under conditions appropriate
forintroducing the repair substrate into the site of interest,
wherein said repair substrate comprises: (i) a nucleic acid
sequence that is substantially identical to one or more
regions proximal to or flanking a target sequence in chro-
mosomal DNA; and (ii) a nucleic acid sequence which
replaces the target sequence upon recombination be-
tween the repair substrate and the target sequence,
whereby the genetic disease is ameliorated, treated or
prevented. Preferably, the individual is a human. The chi-
meric nuclease may further comprise a nuclear localiza-
tion signal (NLS).

[0011] The cell of the method may be an in vitro cell
obtained from the individual. By "obtained" is meant that
the cell of the method may be a cell that is literally taken
from the individual or a cell that derives therefrom,
through mitotic division, cell fusion, cell differentiation or
the like. Optionally, the method may further comprise re-
introducing to the individual the cell that has been treated
with the chimeric nuclease and the repair substrate. In
certain cases, the cell is a stem cell or a population of
cells comprising the stem cell.

[0012] In particular example of the method described
herein, a genetic disease is selected from the group con-
sisting of severe combined immunodeficiency (SCID),
sickle cell disease, and hemophilia.

[0013] The cell of the method may be an in vitro cell
obtained from a donor. Optionally, the method may fur-
ther comprise reintroducing to the individual the cell that
has been treated with the chimeric nuclease and the re-
pair substrate. In certain cases, the cell is a stem cell or
a population of cells comprising the stem cell.

[0014] The cell of the method may be an in vivo cell in
the individual. Optionally, a nucleic acid encoding the chi-
meric nuclease and the repair substrate are introduced
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directly to a target tissue comprising the cell.

[0015] In an example of the method described herein,
the chimeric nuclease and the repair substrate are en-
coded by a single vector introduced into the cell.

[0016] In certain cases, the repair substrate of the
method is operably linked to a promoter in a vector. In
certain cases, the chimeric nuclease of the method can
be introduced into the cell by introducing a nucleic acid
encoding the chimeric nuclease. Optionally, this nucleic
acid is operably linked to a promoter. Preferably, such
promoters are inducible promoters. Optionally, the vector
is a viral vector. The subject methods may contemplate
introducing into the cell either the chimeric nuclease pro-
tein or a nucleic acid encoding the chimeric nuclease.
[0017] Incertain cases, the DNA binding domain of the
chimeric nuclease comprises a zinc finger domain. In par-
ticular, the DNA binding domain of the chimeric nuclease
may comprise two, three or more zinc finger domains. In
other cases, the cleavage domain of the chimeric nucle-
ase comprises a cleavage domain of a restriction endo-
nuclease such as a Fold cleavage domain. Optionally,
the chimeric nuclease of the method may either form a
homodimer of two identical chimeric nucleases or form
a heterodimer of two different chimeric nucleases. Meth-
ods described herein may contemplate use of a nucleic
acid that further encodes a second chimeric nuclease,
wherein the second chimeric nuclease forms a het-
erodimer with said chimeric nuclease.

[0018] Alsodescribed herein are methods of designing
achimeric nuclease or a nucleic acid encoding a chimeric
nuclease. Such methods may comprise: (a) selecting a
mammalian target sequence for gene targeting; (b) iden-
tifying a possible DNA binding sequence within workable
proximity of the target sequence (including possible bind-
ing sites within the target sequence); (c) designing a DNA
binding domain that binds to the DNA binding sequence
identified in (b); and (d) coupling the DNA binding domain
in (c) to a cleavage domain to make a chimeric nuclease.
Optionally, the coupling may be achieved by generating
a nucleic acid encoding a fusion protein comprising the
DNA binding domain and the cleavage domain. The
method described herein may further comprise coupling
a nuclear localization signal (NLS) to the chimeric nucle-
ase.

[0019] In certain cases, the DNA binding domain of the
chimeric nuclease comprises a zinc finger domain. The
DNA binding domain of the chimeric nuclease may com-
prise three or more zinc finger domains. In other cases,
the cleavage domain of the chimeric nuclease comprises
a cleavage domain of a restriction endonuclease such
as a Fokl cleavage domain. Optionally, the chimeric nu-
clease of the method may either form a homodimer of
two identical chimeric nucleases or form a heterodimer
of two different chimeric nucleases. Methods described
herein may contemplate use of a nucleic acid that further
encodes a second chimeric nuclease, wherein the sec-
ond chimeric nuclease forms a heterodimer with said chi-
meric nuclease.
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[0020] The method described herein may further com-
prise testing the chimeric enzyme for toxicity in a cell.
The method described herein may further comprise test-
ing the cleavage site specificity of the chimeric enzyme.
[0021] Incertain aspects, also novel chimeric nucleas-
es are disclosed herein, as well as complexes comprising
two or more chimeric nucleases. Also described herein
are chimeric nucleases comprising: (i) a DNA binding
domain; (ii) a cleavage domain; and (iii) a nuclear local-
ization signal. Optionally, a chimeric nuclease includes
a DNA binding domain that binds to a recognition se-
quence comprising at least 3, 6, 9 or more designated
nucleotides. Optionally, the DNA binding domain of a chi-
meric nuclease comprises atleastone, two, three or more
zinc finger domains. The cleavage domain of a chimeric
nuclease may comprise a cleavage domain of a type lls
restriction endonuclease, such as a Fokl cleavage do-
main. An example of a preferred type of chimeric nucle-
ase is a chimeric nuclease comprising a nuclear locali-
zation signal, a DNA binding domain comprising three
zinc finger domains and recognizing a recognition se-
quence comprising 9 designated nucleotides, and further
comprising a cleavage domain of a Fokl restriction en-
donuclease.

[0022] Also described herein is chimeric nuclease
comprising: (a) a cleavage domain; and (b) a DNA bind-
ing domain comprising atleastthree zincfingers, wherein
the DNA binding domain binds to a recognition sequence
that occurs at a position in a mammalian genome within
atleast 500 base pairs, and preferably within at least 200
or 100 base pairs, of an allele that contributes to a genetic
disorder, and wherein the recognition sequence compris-
es at least 9 nucleotides.

[0023] In certain aspects, the disclosure relates to the
discovery that conjointly acting chimeric nucleases may
be used advantageously in gene targeting. Accordingly,
also described herein are complexes comprising a first
chimeric nuclease and a second chimeric nuclease,
wherein the first and second chimeric nuclease act con-
jointly to facilitate gene targeting. Optionally, the firstand
second chimeric nuclease are identical. One or both of
the first and second chimeric nucleases may comprise a
nuclear localization signal.

[0024] Also described herein are nucleic acids encod-
ing any of the chimeric nucleases disclosed herein, and
vectors comprising such nucleic acids. Vector may be
designed, for example, for use with in vitro cells or for
introduction into cells that are part of an organism. Also
described herein is a vector that comprises: a nucleic
acid encoding a chimeric nuclease and a nucleic acid
encoding a repair substrate, wherein the chimeric nucle-
ase comprises: (i) a DNA binding domain; and (ii) a cleav-
age domain; and wherein the repair substrate comprises:
(i) a nucleic acid sequence that is substantially identical
to a region proximal to or flanking a target sequence in
chromosomal DNA; and (ii) a nucleic acid sequence
which replaces the target sequence upon recombination
between the repair substrate and the target sequence.
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[0025] In certain cases, the repair substrate in the vec-
toris operably linked to a promoter. Similarly, the chimeric
nuclease in the vector can be encoded by a nucleic acid
that is operably linked to a promoter. Preferably, the pro-
moter is an inducible promoter. Optionally, the vector is
a viral vector.

[0026] The vectordescribed herein may comprise both
a nucleic acid encoding the chimeric nuclease and a nu-
cleic acid comprising the repair substrate.

[0027] The chimeric nuclease encoded in the vector
further may comprise a nuclear localization signal (NLS).
[0028] Also described herein are cells comprising any
ofthe chimeric nuclease proteins, encoding nucleic acids
and vectors disclosed herein. A mammalian cell may
comprise a nuclease, such as a chimeric nuclease, and
a repair substrate. A chimeric nuclease comprises: (i) a
DNA binding domain; and (ii) a cleavage domain. A repair
substrate comprises: (i) a nucleic acid sequence that is
substantially identical to a region proximal to or flanking
atargetsequenceinchromosomal DNA; and (ii) a nucleic
acid sequence which replaces the target sequence upon
recombination between the repair substrate and the tar-
get sequence. Optionally, the target sequence in chro-
mosomal DNA includes a mutation. The mammalian cell
may be an in vitro cell. Preferably, the mammalian cell
is a human cell. A mammalian cell may comprise a chi-
meric nuclease and a repair substrate for a relatively brief
period of time, and preferably for a period of time that is
sufficient to effect the desired genetic change yet not so
long as to compromise the viability of the cell.

[0029] In certain cases, the repair substrate in the
mammalian cell is operably linked to a promoter in a vec-
tor. Similarly, the chimeric nuclease in the mammalian
cell can be encoded by a nucleic acid that is operably
linked to a promoter in a vector. Preferably, the promoters
are inducible promoters, although other promoters may
also be used. Optionally, the vector is a viral vector.
[0030] A mammalian cell described herein may com-
prise a vector that comprises both a nucleic acid encoding
a chimeric nuclease and a nucleic acid encoding a repair
substrate.

[0031] A chimeric nuclease in a mammalian cell may
comprise a nuclear localization signal (NLS).

[0032] Alsodescribed hereinisa mammalian cell com-
prising nucleic acids that encode a chimeric nuclease
and a repair substrate, wherein the chimeric nuclease
comprises: (i) a DNA binding domain; and (ii) a cleavage
domain, and wherein the repair substrate comprises: (i)
a nucleic acid sequence that is substantially identical to
aregion proximal to or flanking a target sequence in chro-
mosomal DNA; and (ii) a nucleic acid sequence which
replaces the target sequence upon recombination be-
tween the repair substrate and the target sequence.
[0033] Alsodescribed hereinis anucleic acid encoding
achimeric nuclease, wherein the chimeric nuclease com-
prises: (i) a DNA binding domain; (ii) a cleavage domain;
and (iii) a nuclear localization signal (NLS).

[0034] Also described herein is a vector comprising
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such a nucleic acid. In certain cases, the nucleic acid
encoding the chimeric nuclease is operably linked to a
promoter for expression in a mammalian cell. Preferably,
the promoter is an inducible promoter. Optionally, the
vector is a viral vector.

[0035] In certain cases, the DNA binding domain of the
chimeric nuclease of the claimed vector comprises a zinc
finger domain. In particular, the DNA binding domain of
the chimeric nuclease may comprise two, three or more
zinc finger domains. In other cases, the cleavage domain
of the chimeric nuclease comprises a cleavage domain
of a restriction endonuclease such as a Fokl cleavage
domain. Optionally, the chimeric nuclease in the vector
may either form a homodimer of two identical chimeric
nucleases or form a heterodimer of two different chimeric
nucleases. The vector described herein may further com-
prise a nucleic acid encoding a second chimeric nucle-
ase, wherein the second chimeric nuclease forms a het-
erodimer with said chimeric nuclease.

[0036] Also described herein is an in vitro mammalian
cell. Such mammalian cell comprises a nucleic acid vec-
tor disclosed herein which encodes a chimeric nuclease.
The chimeric nuclease comprises: (i) a DNA binding do-
main; (ii) a cleavage domain; and (iii) a nuclear localiza-
tion signal (NLS). Preferably, the in vitro mammalian cell
is a human cell.

[0037] Also described herein is an in vitro mammalian
cell. Such mammalian cell comprises the above claimed
nucleic acid vectors comprising a nucleic acid encoding
a chimeric nuclease and a nucleic acid encoding a repair
substrate, wherein the chimeric nuclease comprises: (i)
a DNA binding domain; and (ii) a cleavage domain; and
wherein the repair substrate comprises: (i) a nucleic acid
sequence that is substantially identical to a region prox-
imal to or flanking a target sequence in chromosomal
DNA,; and (ii) a nucleic acid sequence which replaces the
target sequence upon recombination between the repair
substrate and the target sequence. Preferably, the in vitro
mammalian cell is a human cell.

[0038] Also described herein is a recombinant trans-
fection system. Such transfection system comprises: (i)
one of the above claimed vectors; and (ii) a gene delivery
composition for delivering said vector to a cell and caus-
ing said cell to be transfected with said vector. The gene
delivery composition may be selected from the group
consisting of: a recombinant viral particle, a liposome,
and a poly-cationic nucleic acid binding agent.

[0039] Also described herein are methods for operat-
ing a gene targeting service business. Such a method
may involve, for example, receiving a customer request
for a chimeric nuclease and/or a repair substrate in order
to effect a change in a particular gene or genomic region.
Upon receipt of the request, the service provider may
identify sequences in the targeted region that are ame-
nable to recognition by a chimeric nuclease, design a
nucleic acid encoding the appropriate nuclease and
transmit to the customer any or all of: the chimeric nu-
clease, the encoding nucleic acid (preferably in an ex-
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pression vector) and the sequence of the encoding nu-
cleic acid. Likewise, the service provider may design and
create a repair substrate for a customer. Optionally, a
method may include performing one or more test gene
targeting trials to select an effective chimeric nuclease
and/or repair substrate. Optionally, the service provider
may perform the gene targeting and provide the altered
cells or whole organisms comprising one or more altered
cells to the customer.

[0040] Also described herein are kits for gene target-
ing. Akitmay comprise arepair substrate cassette vector,
the vector comprising one, two or more marker genes
(e.g., selectable markers such as a puromycin resistance
gene) flanked by restriction enzyme recognition sites or
other sites that facilitate cloning (e.g., sites that are acted
on by a recombinase, topoisomerase or integrase). A kit
may also comprise a chimeric nuclease cassette vector,
the vector comprising a gene for a nuclease comprising
discrete and separately modifiable nuclease and recog-
nition domains. Optionally, the recognition domains are
engineered to contain restriction enzyme recognition
sites (preferably ones that minimally affect the amino acid
sequence) to facilitate the swapping of recognition do-
mains. A kit may comprise detailed instructions explain-
ing how to construct a suitable chimeric nuclease and/or
how to perform gene targeting.

BRIEF DESCRIPTION OF THE DRAWINGS

[0041]

Figures 1A-1D show a green fluorescent protein
(GFP) gene targeting, system.

Figure 1A illustrates a GFP gene targeting system.
The artificial gene target (A658) consisted of a GFP
gene mutated by a 35 basepair insertion which in-
cludes a stop codon and a recognition site for the I-
Scel endonuclease (Sce) (5° TAGGGATAACAG-
GGTAAT 3) atbasepair 327 of the coding sequence.
The GFP gene was driven by a hybrid cytomegalo-
virus  enhancer/chicken  B3-actin  promoter
("CMV/CBA" or "CBA"). The GFP gene was part of
bicistronic transcript in which an internal ribosomal
entry site ("IRES") allowed translation of the human
CD8a gene ("CD8"). The bicistronic message con-
tained a Woodchuck post-trancriptional regulatory
element ("WPRE") to increase messenger RNA lev-
els (Zufferey et al., 1999, J Virol, 73:2886-92). Final-
ly, the locus contained a gene with the phosphoglyc-
erate kinase promoter ("PGK") driving the neomycin
phosphotransferase gene (NEO) to allow selection
by the antibiotic G418. The repair substrates
RS2100 and RS2700 are also depicted. They con-
sisted of a GFP gene that has been truncated at
basepair 37 of the coding sequence and thus were
missing the initiation codon ("truneGFP"). The trun-
cated GFP gene was followed by the IRES-CD8 for
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RS2100 or IRES-CD8-WPRE for RS2700 as in
A658. The A658 gene targetwas introduced into 293
cells by electroporating 2 x 106 cells with 10 g of
supercoiled A658 plasmid DNA. Cells were selected
in 500 pg/ml G418 for two weeks. Monoclonal cell
lines were made by picking individual colonies and
identifying those with high surface CD8 expression
by staining with phycoerythrin-conjugated anti-CD8
antibody (BD Biosciences, San Jose, CA) (293 cells
normally do not express CD8). Polyclonal cell lines
were made by purifying a population of cells using
Miltenyi anti-CD8 microbeads and a MACS minicol-
umn (Miltenyi Biotec, Auburn, CA). Gene targeting
was measured by transfecting 293/A658 cells with
RS2100 with or without a See expression plasmid
along with a control plasmid (pON405) to determine
the transfection efficiency. Applicants used three dif-
ferent promoters to drive Sce expression: PGK, cy-
tomegalovirus ("CMV"), and CBA. The cells were
thenincubated for 3 days and the percentage of GFP
positive cells measured by flow cytometry using a
FACScan (BD Biosciences, San Jose, CA). The
gene targeting rate was determined by normalizing
the measured percentage of GFP positive cells to
the transfection efficiency.

Figure 1B shows representative flow cytometry plots
of gene targeting. GFP positive cells were quantitat-
ed in region "R2" as depicted in the left flow plot. It
shows 293/A658 cells after transfection with Sce ex-
pression plasmid alone. There are no GFP positive
cells. The middle plot, "S-GT," shows 293/A658 cells
after transfection with RS2100 alone. The two GFP
positive cells are circled and represent spontaneous
gene targeting events. The right plot, "DSB-GT,"
shows 293/A658 cells after co-transfection with
RS2100 and CBA-Sce. In this plot there are numer-
ous GFP positive cells in region R2.

Figure 1C shows gene targeting rates in 293 Cells.
The results are shown as both the number of gene
targeting events per million transfected cells
("Events/108 cells") plus/minus one standard devia-
tion and as an overall rate. The results are shown
for four different gene targets. In the "1 bp mutation"
target, a nonsense mutation was created in the GFP
gene at bp 321 of the coding region that abrogates
functional GFP expression. For the "7 bp insertion"
target, a 7 bp sequence was inserted at bp 327 of
the GFP coding region. The gene target for the "35
bp insertion" was A658 and the target for the "66 bp
insertion" was QQRS8 (schematized in Figure 3A).
The row labeled "See" shows whether See was co-
transfected or not. The column labeled "Fold Stimu-
lation by See Induced DSB" was the stimulation of
the gene targeting rate on target A658 induced by
expression of Sce.
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Figure 1D shows time course of gene targeting. The
relative rate of DSB-GT was normalized to day 3.

Figures 2A-2E show parameters regulating the rate
of DSB-induced gene targeting. In these experi-
ments, transfections were performed by the calcium
phosphate technique in 24-well plates. In Figures
2A-2D, the rates of gene targeting were normalized
to the standard conditions of using 200 ng of RS2100
and 200 ng of PGK-Sce. In experiments where the
amount of a transfected component was varied, the
total DNA amount was kept constant by adding
pBSK(-) plasmid (Stratagene, La Jolla, CA).

Figure 2A shows gene targeting rate vs. substrate
amount. The results were normalized to the rate of
gene targeting obtained after transfecting 200 nan-
ograms (ng) of RS2100.

Figure 2B shows gene targeting rate vs. homology
length. The results were normalized to the rate ob-
tained with plasmid RS2100. The plasmid with 800
bp of homology (RS800) was missing the IRES-CD8
component of RS2100. The plasmid with 2700 bp of
homology (RS2700) is depicted in Figure 1A. The
plasmid with 4200 bp of homology (RS4200) had the
addition of both the WPRE and the PGK-NEO com-
ponents to the 3’ end of RS2100. A constant amount
(200 ng) of each repair substrate was transfected
but the relative rate of DSB-GT was normalized to
the molar amount transfected.

Figure 2C shows gene targeting rate vs. amount of
See expression plasmid transfected. The results
were normalized to the rate of gene targeting ob-
tained when 200 ng of PGK-Sce was transfected.

Figure 2D shows gene targeting rate vs. transcrip-
tional status of repair substrate. "Untranscribed" was
the rate of DSB-GT using RS2100. "Transcribed"
was the rate of DSB-GT when the sense strand of
RS2100 was transcribed using the CMV promoter
(CMV-RS2100). The rates were normalized to the
rate of gene targeting obtained using RS2100.

Figure 2E shows optimization of gene targeting. Col-
umns labeled "1" are when See and RS2100 are on
the same plasmid and columns labeled "2" are when
See and RS2100 are on separate plasmids. 30,000
GFP positive cells per million transfected cells is
equivalent to a gene targeting rate of 3%.

Figures 3A-3D show gene targeting induced by chi-
meric nucleases. In each of the experiments the rate
of gene targeting was measured by co-transfecting
the appropriate nuclease with the repair substrate
RS2700 (Figure 1A).
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Figure 3A shows schematics of the chimeric nucle-
ases and chimeric nuclease targets. The gene tar-
gets were identical to A658 except that additional
sequence, which expands the insertion, have been
inserted into the GFP gene adjacent to the See rec-
ognition site ("Sce site"). In QQR8 and QQRG6 invert-
ed repeats of a the binding site ("QQR site") for the
QQR zinc finger triplet (5 GGGGAAGAA 3’) were
inserted with either a 6 bp, "6," (QQR6) or 8 bp spac-
er, "8," (QQRS8). In QQRZIFB6, a binding site for the
Zif268 triplet finger ("Zif Site") (5 GCGTGGTCG 3)
was inserted in an inverted orientation to a QQR site
with a 6 bp spacer ("6") between the sites. Polyclonal
293 cell lines were made from QQR8, QQR6, and
QQRZIF6 as described in Figure 1. The chimeric nu-
cleases were driven by the CMV promoter, "CMV."
Each have a standard initiation codon "ATG" fol-
lowed by a nuclear localization signal, "N," at the
amino-terminus. The triplet zinc finger domain, either
"QQR"for the QQR zincfinger triplet (Shi et al., 1995,
Science, 268:282-284) or "Zif" for the Zif268 triplet
(Wolfe et al., 2001, Structure (Camb), 9:717-23) fol-
low the nuclear localization signal. There is then a
variable amino acid linker, 18 amino acids ("L18") in
CMV-QQR-L18-Fn, zero amino acids ("L0") in CMV-
QQR-LO-Fn, or three amino acids ("L3") in CMV-
ZIF-L3-Fn before the endonuclease domain of the
Fokl restriction enzyme ("Nuclease" or "Fn") (Chan-
drasegaran et al., 1999, Biol Chem, 380:841-8).
CMV-QQR-L18-Fn and CMV-QQR-LO-Fn were
cloned from previously characterized fusion proteins
(Smith et al., 2000, Nucleic Acids Res, 28:3361-9)
while CMV-ZIF-L3-Fn is novel.

Figure 3B shows gene targeting using chimeric nu-
clease homodimers.

Figure 3C shows gene targeting with chimeric nu-
clease heterodimers.

Figure 3D shows time course of gene targeting using
chimeric nucleases.

Figure 4 demonstrates the sequence of the human
B-globin gene surrounding the codon mutated (in
red) to cause sickle cell anemia. Depicted are two
pairs of potential chimeric nucleases (HBGZF1 and
HBGZF2; HBGZF3 and HBGZF4). The binding sites
for the chimeric nucleases are highlighted by being
in capital letters.

Figure 5 demonstrates the binding site for HBGZF1
and the zinc finger domains that recognize each tri-
plet using the single letter code.

Figure 6 shows the results of gene targeting with
HBGZF1 and the GFP gene target containing the
artificial hybrid HBGZF1/Zif268 binding site.
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Figure 7 shows the design and target site for
HBGZF4.

Figure 8 shows the results of gene targeting with
HBGZF4 and the GFP gene target containing the
artificial hybrid HBGZF4/Zif268 binding site.

Figure 9A shows the structure of the human common
y-chain and the location of mutations in the gene that
lead to SCID, derived from Notarangelo et al, 2002.
Figure 9B shows the sequence of exon 5 and the
proposed binding sites for chimeric nucleases
HCGCZF1 and HCGCZF2.

Figure 10 shows the binding site for HCGCZF2 and
the structure of HCGCZF2 using the amino acids for
zinc fingers 1-3 deduced from the zinc-finger code
from Sera and Uranga (2002).

Figure 11 shows the results of gene targeting with
HBGZF2 and the GFP gene target containing the
artificial hybrid HCGCZF2/Zif268 binding site.

Figure 12: Gene Targeting with GFP chimeric nucle-
ases. A) The sequence of the target sequence in
GFP gene and a schematic representation of chi-
meric nucleases designed to cleave the GFP gene.
The GFP chimeric nuclease target site lies just 5’ to
the insertion of the I-Scel recognition site ("Sce site").
B) Rate of gene targeting in 293 cells after co-trans-
fection of the indicated nuclease with the repair sub-
strate A767 described in example 1.

Figure 13: Gene Targeting using CD8 Chimeric Nu-
cleases. A) Target sequence within human CD8a
gene for chimeric nucleases. B) Flow cytometry plots
after transfecting 293/1104 cells with the CD8
Knockout Plasmid alone (5% CD8 negative cells) or
with the CD8 Knockout Plasmid plus the CD8 chi-
meric nucleases (20% CD8 negative). The meas-
urement of CD8 expression was done after selecting
for puromycin resistant colonies and by staining with
phycoerytherin conjugated a-CD8 monoclonal anti-
body.

DETAILED DESCRIPTION

|. Overview

[0042] Described herein are methods and composi-
tions for gene targeting with improved efficiency in a
mammalian cell.

[0043] Gene targeting is a process in which the nucle-
otide sequence at a predetermined genomic site is se-
lectively altered by introduction of an exogenous nucleic
acid carrying a desired sequence. While not wishing to
be bound to any particular mechanism, it is generally
understood that the selective modification occurs by ho-
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mologous recombination. Partial gene duplications, gene
replacements, and gene knockouts have been created
with this technology, which has the advantage that the
modified gene resides at its normal chromosomal locus
(Thomas et al., 1987, Cell, 51:503-512; Capecchi, 1989,
Science, 244:1288-1292; Koller et al., 1992, Annu Rev
Immunol, 10:705-730). In higher organisms, and in mam-
malian cells in particular, only very low frequencies of
targeted events have been achieved, usually in the range
of 10-6 per cell. In addition, gene targeting occurs against
a background of non-homologous events that are 100-
to 1000-fold more common (Mansour et al., 1988, Nature,
336:348-352), meaning that the exogenous nucleic acid
sequence is inserted at non-selected positions on the
genome.

[0044] It has been recently found that the creation of
a DNA double-stranded break (DSB) in the target gene
can increase the frequencies of both direct-repeat re-
combination and gene targeting several-thousand-fold

(Brenneman et al., 1996, Proc. Natl. Acad. Sci. USA,
93:3608-3612; Choulika et al., 1995, Mol. Cell. Biol.,
15:1968-1973; Donoho et al., 1998, Mol. Cell. Biol.,
18:4070-4078; Rouet et al., 1994, Mol. Cell. Biol.,
14:8096-8106; Sargent et al., 1997, Mol. Cell. Biol.,
17:267-277; Smih et al., 1995, Nucleic Acids Res.,
23:5012-5019; Taghian, et al., 1997, Mol. Cell. Biol.,

17:6386-6393). As discussed in this application, Appli-
cants have discovered that when conditions are opti-
mized for DSB-mediated gene targeting, the frequency
of gene targeting can reach 3 to 5% (see also Porteus
et al., 2003, Science, 300:763). Thus, DSBs seem to be
acentral element of the gene targeting mechanism. Dou-
ble stranded breaks (cleavages) at a site of interest can
be achieved by nucleases or chemical entities which rec-
ognize and cleave the site of interest. Examples of chem-
ical entities which recognize and cleave a site of interest
are described by Dervan et al., for example, in U.S. Pat-
ent Nos. 4,665,184, 4,942,227, 4,795,700, and
5,789,155. Double stranded breaks at a site of interest
can also be achieved by chimeric nucleases, as de-
scribed herein.

1. Definitions

[0045] Forconvenience, certain terms employedin the
specification, examples, and appended claims are col-
lected here. These and other terms are defined and de-
scribed throughout the application. Unless defined oth-
erwise, alltechnical and scientific terms used herein have
the same meaning as commonly understood by one of
ordinary skill in the art to which this invention belongs.
[0046] The term "allele" is used herein to refer to any
sequence that is variable between members of the same
species. For example, an allele may be a single nucle-
otide polymorphism, a large or small deletion, a large or
small insertion, a large or small inversion or a combina-
tion thereof.

[0047] As used herein, a"patient," "individual" or "sub-
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ject" to be treated by the method of the invention can
mean either a human or non-human animal.

[0048] The term "encodes," unless evident from its
context, will be meant to include DNA sequences that
encode a polypeptide, as the term is typically used, as
well as DNA sequences that are transcribed into inhibi-
tory antisense molecules.

[0049] The term "expression" with respect to a gene
sequence refers to transcription of the gene and, as ap-
propriate, translation of the resulting mRNA transcript to
a protein. Thus, as will be clear from the context, expres-
sion of a protein coding sequence results from transcrip-
tion and translation of the coding sequence.

[0050] The term "nuclease", as used herein, refers to
any polypeptide, or complex comprising a polypeptide,
that can generate double stranded breaks in genomic
DNA. Examples of nucleases include restriction endonu-
cleases, chimeric nucleases and certain topoisomerases
and recombinases.

[0051] As used herein, the term "nucleic acid" refers
to polynucleotides such as deoxyribonucleic acid (DNA),
and, where appropriate, ribonucleicacid (RNA). The term
should also be understood to include, as applicable to
the embodiment being described, single-stranded (such
as sense or antisense) and double-stranded polynucle-
otides. This term includes both naturally occurring nucle-
otide and artificially modified nucleotides.

[0052] "Operably linked" when describing the relation-
ship between two DNA regions simply means that they
are functionally related to each other. For example, a
promoter or other transcriptional regulatory sequence is
operably linked to a coding sequence fif it regulates the
transcription of the coding sequence.

[0053] The phrases "site of interest" and "specific site,"
as used herein, refer to a distinct chromosomal location
at which a double stranded break (cleavage) is to be in-
troduced, thereby inducing a cellular repair mechanism
which leads to highly efficient recombinational events at
that locus.

[0054] The terms "target sequence" and "target gene,"
as used herein, refer to a polynucleotide sequence or a
gene in the chromosome selected for alteration by gene
targeting. In other words, the nucleotide changes may
be introduced into either a gene or a site that is not part
of a genomic sequence. In certain cases, the target se-
quence/gene may contain a mutation that needs to be
repaired or replaced. Alternatively, the target gene needs
to be attenuated, inactivated, or replaced with a heterol-
ogous sequence/gene. To achieve high rate of gene tar-
geting as described herein, a site of interest within work-
able proximity of the target sequence or within the target
sequence may contain a DNA binding sequence recog-
nizable by a chimeric nuclease so that the enzyme can
make a double stranded break at or near this site.
[0055] "Transcriptional regulatory sequence" is a ge-
neric term used throughout the specification to refer to
DNA sequences, such as initiation signals, enhancers,
and promoters and the like which induce or control tran-
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scription of coding sequences with which they are oper-
ably linked.

[0056] As used herein, the terms "transduction" and
"transfection" are art recognized and mean the introduc-
tion of a nucleic acid, e.g., an expression vector, into a
recipient cell by nucleic acid-mediated gene transfer.
"Transformation," as used herein, refers to a process in
which a cell’s genotype is changed as a result of the
cellular uptake of exogenous DNA or RNA. A cell has
been "stably transfected" with a nucleic acid construct
when the nucleic acid construct is capable of being in-
herited by daughter cells. "Transient transfection" refers
to cases where exogenous DNA does not integrate into
the genome of a transfected cell, e.g., where episomal
DNA is transcribed into mRNA and translated into pro-
tein.

IIl. Nucleases

[0057] Also described herein are nucleases, and par-
ticularly chimeric nucleases, which are utilized to gener-
ate a double stranded break at a site of interest within a
target sequence in chromosomal DNA in a cell.

[0058] A chimeric nuclease is a chimeric protein that
is designed to create a double-stranded break at one or
more selected sites in the chromosome. Chimeric nucle-
ases as described comprise one or more specific DNA
binding domains and one or more "cleavage" domains.
The DNA binding domains confer the DNA binding spe-
cificity, while the cleavage domains confer the double-
stranded break activity. A chimeric nuclease can be
made as a fusion protein or by linking the DNA binding
domain(s) to the cleavage domain(s).

[0059] A variety of DNA binding domains are known in
the art, and any DNA binding domain that recognizes the
desired site with sufficient specificity may be employed.
As described herein, DNA binding domains include zinc
finger binding domains.

[0060] Cleavage domains may derive from any nucle-
ase that has DNA cleavage activity. Examples of protein
types having cleavage domains include restriction en-
zymes, topoisomerases, recombinases, integrases and
DNAses. Construction of a chimeric nuclease will gen-
erally be simplified if the cleavage domain is obtained
from a nuclease that has separate domains for sequence
recognition and DNA cleavage. For example, the cleav-
age domain may derive from a type lIs restriction endo-
nuclease, such as the cleavage domain of the Fold re-
striction enzyme ("Fn"). Enzymes of this group generally
have separate cleavage and sequence recognition do-
mains. Thus, the chimeric nucleases are fusion proteins
comprising specific zinc finger binding domains and the
cleavage domain of the Fokl restriction enzyme (also re-
ferred to herein as the Fold cleavage domain).

[0061] The Cys,His, zinc fingers are of particular in-
terest in this regard. Each individual finger contacts pri-
marily three consecutive base pairs of DNA in a modular
fashion (Pavletich et al., 1991, Science, 252:809-817;
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Berg et al., 1996, Science, 271:1081-1085). By manipu-
lating the number of fingers and the nature of critical ami-
no acid residues that contact DNA directly, binding do-
mains with novel specificities can be evolved and select-
ed (see, e.g., Desjarlais et al., 1992, Proc. Natl Acad.
Sci. USA, 89:7345-7349; Rebar et al., 1994, Science,
263:671-673; Greisman et al., 1997, Science,
275:657-661; Segal et al., 1999, Proc. Natl Acad. Sci.
USA, 96:2758-2763). In principle, a very broad range of
DNA sequences can serve as specific recognition targets
for zinc finger proteins. Chimeric nucleases with several
different specificities based on zinc finger recognition
have already been constructed and characterized (see,
e.g., Huang et al., 1996, J. Protein Chem., 15:481-489;
Kim et al., 1998, Biol. Chem., 379:489-495).

[0062] Also described herein are chimeric nucleases
that combine DNA-binding domains from natural and
synthetic DNA binding proteins, such as transcription fac-
tors, with the Fokl cleavage domain or other non-specific
cleavage domains. For these chimeric nucleases, DNA
cleavage is directed to sites recognized by the binding
domains, thus permitting the manipulation of target spe-
cificity. Methods of making such chimeric nucleases are
described in the art (see, e.g., Kim et al., 1994, Proc. Natl
Acad. Sci. USA, 91:883-887; Huang et al., 1996, J. Pro-
tein Chem., 15:481-489; Kim et al., 1998, Biol. Chem.,
379:489-495; Nahon et al., 1998, Nucleic Acids Res.,
26:1233-1239; Bibikova et al., 2001, Mol Cell Biol,
21:289-297).

[0063] Chimericnucleases described herein may com-
prise a nuclear localization signal (NLS) which facilitates
the nuclear transport of the chimeric nucleases. Essen-
tially any NLS may be employed, whether synthetic or
identified as a naturally occurring NLS, so long as the
NLS is one that is compatible with the target organism.
Naturally occurring mammalian nuclear localization sig-
nals are short sequences that have been identified as
generally one (monopartite) or two (bipartite) clusters of
four or more basic amino acids (lysine or arginine) (see,
e.g.,Gorlichetal., 1996, Science, 271:1513-1518; Mattaj
et al.,, 1998, Annu Rev Biochem, 123:265-306). Other
types of nuclear localization signals are known in the art,
such as plant or yeast nuclear localization signals, in-
cluding the yeast Mat a.2-like NLS (see, e.g., Hicks et al.
1995, Plant Physiol., 107:1055-58). The SV40 large T
antigen NLS is known to work in plants and mammals.
[0064] Chimeric nucleases described herein may form
dimers (e.g., viabinding to two cognate DNA binding sites
within a target sequence), and in certain situations,
dimerized chimeric nucleases stimulate gene targeting
with increased efficiency. For example, chimeric nucle-
ases can form a homodimer between two identical chi-
meric nucleases (e.g., via binding to two identical DNA
binding sites within a target sequence). Alternatively, chi-
meric nucleases can form a heterodimer between two
different chimeric nucleases (e.qg., via binding to two dif-
ferent DNA binding sites within a target sequence).
[0065] Also described herein are chimeric nucleases
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that are particularly effective for use in gene targeting
methods. In certain gene targeting protocols, it may be
desirable to cause a DNA cleavage near or at the target
sequence while also keeping a limit on the number of
cleavages that occur in other portions of the genome.
Accordingly, it may be desirable to employ a chimeric
nuclease or cooperatively acting set of chimeric nucle-
ases that have a recognition sequence occurring rarely
or uniquely in the genome to be altered. As a general
principle, the larger the recognition sequence, the fewer
times such sequence is likely to occur in the genome to
be altered. A simple probability calculation suggests that
arecognition sequence having n defined nucleotides will
occur with a probability of one in 4" nucleotides. Accord-
ing to this simplified predictive model, a recognition se-
quence of 11 nucleotides is most likely to occur once in
the genome of an Escherichia coli bacterium (genome
size of roughly 4.5 million bases). The human genome
is estimated at a size of 3 billion base pairs, and so a
chimeric nuclease having a 16 nucleotide recognition se-
quence is mostlikely torecognize only a single sequence.
The simple statistical model may be adjusted to account
for factors such as GC bias, repeat sequences, and het-
erogeneity in the target organism (e.g. humans vary by
roughly 1% from each other, and such additional variation
could be taken into account). Furthermore, recognition
sequences may be assessed by searching for actual oc-
currences of the sequence in published genomic se-
quence of the target organism. A recognition sequence
may be contiguous (an uninterrupted string of defined
nucleotides, e.g., 5-GATGTTGCT-3’) or non-contiguous
(interrupted by non-defined nucleotides, e.g., 5-GATG...
Ng...TTGCT-3’), and in either case the frequency of oc-
currence can be estimated in the same way.

[0066] Forgene targeting in the human genome or oth-
er organisms with a similarly sized genome, a chimeric
nuclease, or two or more conjointly acting chimeric nu-
cleases, may preferably have a recognition sequence
that is at least 16 defined nucleotides in length, and op-
tionally 17, 18, 19 or more nucleotides. As noted above,
shorter sequences may be used, but may not be as ef-
fective for precise gene targeting. The term "conjointly
acting" is used as a results-oriented term, meaning that
the conjointly acting chimeric nucleases cause more ef-
ficient gene targeting than either nuclease alone. Also
described herein is a cooperatively acting pair of chimeric
nucleases, each comprising a cleavage domain and a
DNA binding domain, such that the conjointly acting pair
recognizes a composite recognition sequence of at least
16, 17, 18, 19 or more nucleotides. Optionally, each
member of the pair comprises three zinc finger domains
and recognizes a sequence of 9 nucleotides. Optionally,
the pair is a single chimeric nuclease that forms a ho-
modimer. Also described herein are a nucleic acid, such
as a vector, comprising a sequence encoding a first chi-
meric nuclease and a sequence encoding a second chi-
meric nuclease, wherein the first and second chimeric
nuclease act conjointly and recognize a composite rec-
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ognition sequence of at least 16, 17, 18, 19 or more nu-
cleotides. Optionally the first and second chimeric nucle-
ases each comprise three zinc finger domains and rec-
ognize a sequence of 9 nucleotides. Also described here-
in is a protein complex comprising first and second con-
jointly acting chimeric nucleases that recognize a com-
posite recognition sequence of at least 16, 17, 18, 19 or
more nucleotides. In view of the principles disclosed
herein, it will be apparent that in organisms with smaller
genomes, smaller recognition sequences may be quite
effective for accurate gene targeting. Accordingly, also
described herein are chimeric nucleases, or conjointly
acting sets of chimeric nucleases that recognize a site
of at least 6, 7, 8, 9, 10, 11, 12, 13, 14, 15 or more nu-
cleotides. Optionally the DNA binding domains comprise
one or more zinc finger domains that each confer recog-
nition of three nucleotides. Optionally, the cleavage do-
main may be selected so as to be less effective when
acting alone than when acting conjointly with a second
cleavage domain. The use of multiple, conjointly acting
chimeric nucleases may also facilitate the process of
generating a nuclease or set of nuclease to mediate tar-
geting of a particular locus.

[0067] Inparticular, Applicants found thatin the context
of human cells, a chimeric nuclease has improved effi-
ciency when the DNA binding sites for the chimeric nu-
cleases are oriented as inverted repeats separated by 6
nucleotides. As described in the working examples, Ap-
plicants contemplate that the nucleotide spacer between
the two DNA binding sites (e.g., the two inverted repeats)
may vary in length. Preferably, the nucleotide spacer may
have a length of 0-20 bp (e.g., 0, 2, 4, 6, 8, 10, 15, or 20
bp). In addition, Applicants contemplate that an amino
acid linker between the DNA binding domain and the
cleavage domain may vary in length. Preferably, the ami-
no acid linker may have a length of 0-30 amino acids
(e.q.,0,3,6,9,12,15, 18, 21, 24, 27, or 30 amino acids).
In certain cases, in order to achieve efficient gene tar-
geting rate, the optimal length of an amino acid linker
should correlate with the length of a nucleotide spacer.
[0068] Alsodescribed herein are methods of designing
a chimeric nuclease used for gene targeting. Such meth-
ods may comprise the following steps: (a) identifying a
possible DNA binding sequence within workable proxim-
ity of a selected mammalian target sequence; (b) design-
ing a DNA binding domain that binds to the DNA binding
sequence identified in (a); and (c) coupling the DNA bind-
ingdomainin (b) to a cleavage domain to make a chimeric
nuclease. A mammalian target sequence may be select-
ed according to the desired effect of the gene targeting.
If the purpose is to develop a chimeric nuclease for use
in correcting a genomic sequence that contributes to a
disorder, then the target sequence will generally be the
sequence to be changed. For example, any of the various
alleles known to cause a genetic disorder, particularly in
humans, may be selected as target sequences. If the
purpose is to inactivate or attenuate a particular gene,
then the target sequence may be selected such that an

10

15

20

25

30

35

40

45

50

55

12

introduced change would, for example, introduce a stop
codon early in the coding sequence, disrupt a promoter,
or disrupt a start methionine codon. If the purpose is to
alter the activity of a polypeptide encoded by a gene, the
target site may be selected on the basis of known or
predicted effects on activity of changes introduced at a
particular site. If the purpose is to introduce a heterolo-
gous sequence into the genome, consideration will pref-
erably be given to position effects on the heterologous
sequence. For example, if it is a sequence to be ex-
pressed under a native promoter, then a target sequence
would be selected in a region of the genome where the
native promoter would effectively regulate the expression
of the heterologous sequence.

[0069] Various methods for designing chimeric nucle-
ases with varied DNA recognition sequences are known
in the art. The DNA binding domain may comprise one
or more zinc finger domains (or referred to as zinc fin-
gers). The zinc fingers can be engineered to recognize
a selected target site in the target sequence. As de-
scribed above, Cys,His, proteins may be engineered to
recognize a wide variety of sites. As another example,
zinc fingers can be selected by using polypeptide display
libraries. The target site is used with the polypeptide dis-
play library in an affinity selection step to select variant
fingers that bind to the target site. Typically, constant zinc
fingers and fingers to be randomized are made from any
suitable C,H,, zinc finger protein, such as SP-1, SP-1C,
TFIIA, GLI, Tramtrack, YY1, or ZIF268 (see, e.g.,
Jacobs, EMBO J. 11:4507 (1992); Desjarlais & Berg,
Proc. Natl. Acad. Sci. U.S.A. 90:2256-2260 (1993)). The
polypeptide display library encoding variants of a zinc
finger protein comprising the randomized finger, one or
more variants of which will be selected, and, depending
on the selection step, one or two constant fingers, is con-
structed according to the methods known to those in the
art. Optionally, the library contains restriction sites de-
signed for ease of removing constant fingers, and for
adding in randomized fingers. Fingers are randomized,
e.g., by using degenerate oligonucleotides, mutagenic
cassettes, or error prone PCR. See, for example, U.S.
Patent Nos. 6326166, 6410248, and 6479626. Prefera-
bly, the chimeric nuclease designed in such methods fur-
ther comprises a nuclear localization signal (NLS) in ad-
dition to a DNA binding domain and a cleavage domain.
[0070] The spectrum of possible recognition sequenc-
es may be compared against the region that is in work-
able proximity of the target sequence. To be effective for
gene targeting, a DNA binding domain need that will be
coupled to a cleavage domain need only bind so as to
permit cleavage within a workable proximity of the target
sequence. A workable proximity is any distance that still
facilitates the gene targeting. In certain embodiments, a
workable proximity is within atleast 500 base pairs of the
most distal target sequence to be changed, preferably
within 200 base pairs and most preferably within 100 or
50 base pairs of the most distal target sequence to be
changed. Optionally, the DNA binding domain overlaps
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the target sequence. Given that a target sequence is de-
fined herein as the sequence to be altered, a target se-
quence may stretch over a plurality of nucleotides. In
such situation, a DNA binding domain may, of course,
bind within the target sequence, and the term "workable
proximity" is intended to encompass this scenario. Se-
lecting a DNA binding site may also involve evaluating
the likelihood that a particular recognition sequence oc-
curs elsewhere in the genome, and methods for doing
so are described above. As described in the examples
below, a variety of chimeric zinc finger nucleases may
be generated. Families of such proteins will tend to bind
certain consensus sequences, such as the 5
GNNGNNGNN 3’ sequence, dimers of which could rec-
ognize 5 NNCNNCNNC NNNNNN GNNGNNGNN 3
(predicted to occur roughly once per 4096 bases in a
genome). Accordingly, a region to be targeted may be
scanned for a workable consensus recognition se-
quence, and then a zinc finger that recognizes the spe-
cific sequence may be designed. By searching a target
region for a consensus sequence and then designing a
suitable specified chimeric nuclease. The workability of
this approach is demonstrated in example 3, and such
techniques may be applied to other zinc finger nucleases
and other chimeric nucleases generally.

[0071] Optionally, a method for designing a chimeric
nuclease for use in gene targeting may include a process
for testing the toxicity of the chimeric nuclease on a cell.
Such a process may comprise expressing in the cell, or
otherwise introducing into a cell, the chimeric nuclease
and assessing cell growth or death rates, optionally by
comparison against a control. Optionally, a method for
designing a chimeric nuclease for use in gene targeting
may include a process for assessing the specificity of
DNA cleavage. The tendency of a chimeric nuclease to
cleave at more than one position in the genome may be
evaluated by in vitro cleavage assays, followed by some
form of electrophoresis (e.g. pulsed field electrophoresis
may be used to resolve very large fragments) and, op-
tionally, some form of probing or Southern blotting. In
view of the present disclosure, one of ordinary skill in the
art may devise other tests for cleavage specificity.
[0072] Chimeric nucleases can be manufactured ac-
cording to methods that are, in view of the teachings of
this specification, generally known in the art. For exam-
ple, the DNA binding domain(s) and cleavage domains
can be produced as separate "components," which are
then joined (linked) using known methods or can be pro-
duced as a single continuous unit (e.g. a fusion protein).
For example, the chimeric nucleases can be manufac-
tured by chemical synthesis or as fusion proteins by re-
combinant DNA/RNA technology (see, e.g., Sambrook
etal., Eds., Molecular Cloning: A Laboratory Manual, 2nd
edition, Cold Spring Harbor University Press, New York
(1989); and Ausubel et al., Eds., Current Protocols in
Molecular Biology, John Wiley & Sons, New York (1998).
Chimeric nucleases capable of recognizing specific DNA
sequences unique to a disease allele can be generated
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by linkage of zinc finger DNA binding domains to cleav-
age domains of arestriction endonuclease (e.g., the Fold
cleavage domain).

[0073] Also described herein are two chimeric nucle-
ases, HBGZF1 and HBGZF4 (shown in Figures 5 and 7,
respectively), for gene targeting at the beta-globin gene.
In particular, HBGZF1 or HBGZF4 can form a heterodim-
er with another chimeric nuclease Zif-L3-Fn (also re-
ferred to herein as ZIF268), in promoting gene targeting
at sequences derived from the beta-globin gene.
[0074] Also described herein is a chimeric nuclease
HCGCZF2 (shown in Figure 10) for gene targeting at
human common gamma-chain gene. In particular,
HCGCZF2 can form a heterodimer with another chimeric
nuclease Zif-L3-Fn, in promoting gene targeting at se-
quences derived from the human common gamma-chain
gene.

[0075] The chimeric nuclease may be directly intro-
duced into a cell. Methods of directly introducing a
polypeptide into a cell include, but are not limited to, mi-
croinjection, protein transduction, and protein therapy.
For example, a protein transduction domain (PTD) can
be fused to a nucleic acid encoding a chimeric nuclease,
and the fusion protein is expressed and purified. Fusion
proteins containing the PTD are permeable to the cell
membrane, and thus cells can be directly contacted with
afusion protein (Derossi etal., 1994, Journal of Biological
Chemistry, 269:10444-10450; Han et al., 2000, Mole-
cules and Cells, 6:728-732; Hall et al., 1996, Current Bi-
ology, 6:580-587; Theodore et al., 1995, Journal of Neu-
roscience, 15:7158-7167). In certain cases, a chimeric
nuclease may be coupled to a facilitator protein (e.g., tat,
HSV VP22, and anthrax toxin). Coupling of a protein to
a facilitator protein can be accomplished using methods
well known to those practiced in the art.

[0076] Although some protein transduction based
methods rely on fusion of a polypeptide of interest to a
sequence which mediates introduction of the protein into
a cell, other protein transduction methods do not require
covalent linkage of a protein of interest to a transduction
domain. At least two commercially available reagents ex-
ist that mediate protein transduction without covalent
modification of the protein (Chariot™, produced by Active
Motif; and Bioporter® Protein Delivery Reagent, pro-
duced by Gene Therapy Systems).

[0077] A chimeric nuclease to be introduced into a cell
may be encoded by a nucleic acid, often in the form of a
vector. Optionally, the chimeric nuclease is operably
linked to a transcriptional regulatory element such as a
promoter. The chimeric nuclease may be constructed un-
der the control of an inducible promoter so that expres-
sion of the enzyme can be regulated in a cell. Further
description of certain vectors comprising the repair sub-
strate are described below under Section V.

[0078] There are advantages and disadvantages to
each of the modes for delivering a chimeric nuclease to
a cell. When a chimeric nuclease is delivered by intro-
duction of a nucleic acid, the encoding nucleic acid needs
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be transcribed and translated by a cell before expression
of the protein is achieved. This results in a time lag be-
tween delivery of the nucleic acid and expression of the
protein. Direct delivery of a protein decreases this delay.
Because proteins have a limited half-life in a cell, direct
delivery of a protein often results in transient action of
the protein in a cell. However, delivery with the nucleic
acid permits expression of the chimeric nuclease at es-
sentially any time after cell permeabilization, allowing
greater flexibility in timing, and nucleic acids also permit
transient expression of chimeric nucleases.

[0079] Other than regulating expression of a nuclease
at the transcription level (e.g., by using an inducible pro-
moter), Applicants contemplate regulating the activity of
the nuclease protein. The chimeric nuclease may be
fused with the hormone binding domain of the estrogen
receptor so that the activity of chimeric nuclease can be
regulated by administering tamoxifen (e.g., in a dose-
dependent manner). Methods of making protein fusions
with the hormone binding domain of the estrogen recep-
tor are known in the art (e.g., Swenarchuk et al., 1999,
Can J Microbiol, 45:480-490; Heyworth et al., 1999,
Genes Dev, 13:1847-1860; Ronchini et al., 2000, Onco-
gene, 19:3914-3924).

[0080] A nuclease that is not a chimeric nuclease may
be used to stimulate gene targeting. As disclosed herein,
a native restriction endonuclease (i.e., naturally occur-
ring, or insubstantially altered form thereof), such as Scel
may be used. It is expected that the use of native restric-
tion endonucleases in humans will, for the most part, be
limited to those situations wherein the recognition site for
the native endonuclease is found in a position that is suf-
ficiently proximal to the target sequence to stimulate gene
targeting. Furthermore, native restriction endonucleases
with relatively small recognition sequences (e.g., native
Fokl, which recognizes a five base pair sequence, or
EcoRI, which recognizes a six base pair sequence) are
expected to generate a large number of double strand
breaks in the genome of a cell, and should be used with
care or in conjunction with a means of reducing the
number of cleavage events. Preferred native restriction
endonucleases will be those with recognition sites that
are predicted to cut at about five or fewer positions in the
genome of the targeted cell, and more preferably at one
or two positions. Examples of such native restriction en-
donucleases include the members of the homing endo-
nuclease family, including I-Scel, I-Ceul and PI-Pspl.
Modifications may be made to adapt restriction endonu-
cleases for use. For example, the portion of a restriction
endonuclease that mediates DNA binding may be mod-
ified so as to alter the recognition site. Preferably such
modification may create an altered nuclease that recog-
nizes a site within useful proximity of a target sequence.
Enzymes with separate cleavage and recognition do-
mains, such as Fokl and other type ITs restriction en-
zymes, may be particularly amenable to such modifica-
tion. Instead of, or in combination with, a modification of
the restriction enzyme, a sequence proximal to the target
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sequence may also be altered to introduce a recognition
site for a native restriction endonuclease. This may be
achieved by an initial gene targeting step using, for ex-
ample, a chimeric nuclease. Any of the nucleases dis-
closed herein may be fused to a nuclear localization sig-
nal that is suitable for the subject cell type.

IV. Repair Substrates

[0081] Also described herein are repair substrates for
genetargeting. The term"repair substrate," as used here-
in, generally refers to a nucleic acid introduced in a cell
for altering a target sequence in chromosomal DNA. The
term "repair substrate" is used for convenience, and, as
indicated throughout the specification, a repair substrate
is not limited to the purpose of repairing a target se-
quence. A repair substrate can be used for other purpos-
es such as modifying, replacing, attenuating or inactivat-
ing a target sequence. A repair substrate may also be
used to insert a large stretch of new sequence at a par-
ticular position. For example, in a process termed "trans-
genesis" a desired gene sequence may be inserted at a
position that is expected to provide expression of the
gene attherapeutically effective levels A repair substrate
includes: (i) a polynucleotide sequence that is substan-
tially identical to a region proximal to or flanking a target
sequence; and (ii) a polynucleotide sequence which re-
places the target sequence upon recombination between
the repair substrate and the target sequence.

[0082] A repair substrate is designed such that it con-
tains a polynucleotide sequence which is substantially
identical to the target gene (target sequence). In certain
cases, the polynucleotide sequence is at least several
hundred base pairs long and has portions on either side
of the target sequence which can be designated as the
left and right arms of the repair substrate.

[0083] As described herein, the phrase "substantially
identical" means that this polynucleotide sequence is suf-
ficient to mediate homologous recombination between
the repair substrate and the target gene in chromosome.
For example, this polynucleotide sequence may be at
least 90%, 95%, 97%, 98%, 99% or 100% identical to
the corresponding target sequence. It is preferred that
the sequence variations in this polynucleotide sequence
do not cause amino acid changes (e.g. wobble muta-
tions) or only cause conservative amino acid replace-
ments. Conservative replacements are those that take
place within a family of amino acids that are related in
their side chains (see, for example, Biochemistry, 2nd
ed., Ed. by L. Stryer, W.H. Freeman and Co., 1981). For
instance, it is reasonable to expect, for example, that an
isolated replacement of a leucine with an isoleucine or
valine, an aspartate with a glutamate, a threonine with a
serine, or a similar replacement of an amino acid with a
structurally related amino acid (e.g., conservative muta-
tions) will not have a major effect on the biological activity
of the resulting molecule.

[0084] The corresponding homologous nucleotide se-
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quences in the target sequence may flank a specific site
for cleavage and/or a specific site for introducing the de-
sired sequence changes. The distance between the spe-
cific cleavage site and the homologous nucleotide se-
quences (e.g., each arm) can be several hundred nucle-
otides. Preferably, the distance between them is below
200 nucleotides (e.g., 0, 10, 20, 30, 50, 75, 100, 125,
150, 175, and 200 nucleotides). In most cases, a smaller
distance may give rise to a higher gene targeting rate.
The repair substrate may be substantially identical,
across its entire length except for the sequence changes
to be introduced, to a portion of the genome that encom-
passes both the specific cleavage site and the portions
of sequence to be altered.

[0085] A repair substrate also contains a polynucle-
otide sequence that is being introduced into the genome.
Specifically, this polynucleotide sequence can be used
to repair, modify, replace, attenuate or inactivate a target
gene upon homologous recombination between the re-
pair substrate and the target gene. Optionally, the se-
quence changes can contain a heterologous sequence
(e.g., a mutation) to be introduced in a target gene. Typ-
ically, this polynucleotide sequence is flanked by each
end of the polynucleotide sequence used to mediate ho-
mologous recombination.

[0086] A repair substrate may be designed to contain
wobble mutations in its DNA binding site (i.e. mutations
in the third position of a codon that do not change the
amino acid encoded) for a chimeric nuclease so that after
genetargeting occurs, the chimeric nuclease cannot bind
to the new target gene.

[0087] A repair substrate to be introduced into a cell
can be inserted in a vector. Optionally, the repair sub-
strate is operably linked to a transcriptional regulatory
sequence such as a promoter. Details of the vector en-
coding arepair substrate are described below under Sec-
tion V.

[0088] The repair substrate and the chimeric nuclease
can be introduced into the cell on a single vector. A single
vector configuration may increase the efficiency for gene
targeting.

V. Vectors

[0089] As described above, repair substrates and nu-
cleases to be introduced into a cell can be inserted in a
vector, and optionally a repair substrate and chimeric nu-
cleases may be encoded on a single plasmid. As used
herein, a "vector" includes a nucleic acid vector, for ex-
ample, a DNA vector (e.g., a plasmid), a RNA vector,
virus or other suitable replicon (e.g., viral vector). Vectors
described herein may be in the supercoiled form or in the
linearized form.

[0090] Where the chimeric nuclease is to be provided
as a protein, a recombinant chimeric nuclease can be
produced by ligating the cloned gene, or a portion thereof,
into a vector suitable for expression in either prokaryotic
cells, eukaryotic cells (yeast, avian, insect or mammali-
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an), or both. Expression vehicles for production of a re-
combinant chimeric nuclease include plasmids and other
vectors. For instance, suitable vectors for the expression
of a chimeric nuclease include plasmids of the types:
pBR322-derived plasmids, pEMBL-derived plasmids,
pEX-derived plasmids, pBTac-derived plasmids and
pUC-derived plasmids for expression in prokaryotic cells,
such as E. coli.

[0091] Mammalian expression vectors may contain
both prokaryotic sequences to facilitate the propagation
of the vectorin bacteria, and one or more eukaryotic tran-
scription units that are expressed in eukaryotic cells. The
pcDNAl/amp, pcDNAl/neo, pRc/CMV, pSV2gpt,
pSV2neo, pSV2-dhfr, pTk2, pRSVneo, pMSG, pSVT7,
pko-neo and pHyg derived vectors are examples of mam-
malian expression vectors suitable for transfection of eu-
karyotic cells. Some of these vectors are modified with
sequences from bacterial plasmids, such as pBR322, to
facilitate replication and drug resistance selection in both
prokaryotic and eukaryotic cells. Alternatively, deriva-
tives of viruses such as the bovine papilloma virus (BPV-
1), or Epstein-Barr virus (pHEBo, pREP-derived and
p205) can be used for transient expression of proteins in
eukaryotic cells. Examples of other viral (including retro-
viral) expression systems can be found below. The var-
ious methods employed in the preparation of the plas-
mids and transformation of host organisms are well
known in the art. For other suitable expression systems
for both prokaryotic and eukaryotic cells, as well as gen-
eral-recombinant procedures, see Molecular Cloning A
Laboratory Manual, 2nd Ed., ed. by Sambrook, Fritsch
and Maniatis (Cold Spring Harbor Laboratory Press,
1989) Chapters 16 and 17.

[0092] Various viral vectors which can be utilized for
introducing chimeric nucleases and/or repair substrates
into cells. These viral vectors include retrovirus, adeno-
virus, parvovirus (e.g., adeno-associated viruses), coro-
navirus, negative strand RNA viruses such as or-
thomyxovirus (e.g., influenza virus), rhabdovirus (e.g.,
rabies and vesicularstomatitis virus), paramyxovirus
(e.g. measles and Sendai), positive strand RNA viruses
such as picornavirus and alphavirus, and double strand-
ed DNA viruses including adenovirus, herpes virus (e.g.,
Herpes Simplex virus types 1 and 2, Epstein-Barr virus,
cytomegalovirus), and poxvirus (e.g., vaccinia, fowlpox
and canarypox). Other viruses include Norwalk virus, to-
gavirus, flavivirus, reoviruses, papovavirus, hepadnavi-
rus. and hepatitis virus, for example. |

[0093] For example, a retroviral vector may be a de-
rivative of a murine or avian retrovirus. Examples of ret-
roviral vectors in which a single foreign gene can be in-
serted include, but are not limited to: Moloney murine
leukemia virus (MoMuLV), Harvey murine sarcoma virus
(HaMuSV), murine mammary tumor virus (MuMTYV), and
Rous Sarcoma Virus (RSV). When the subject is a hu-
man, a vector such as the gibbon ape leukemia virus
(GaLV) may be utilized.

[0094] Vectors may transfer or incorporate a gene for
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a selectable marker so that transduced cells can be iden-
tified and generated. A selectable marker may be a coun-
terselectable marker that facilitates the elimination of
cells carrying the marker. By inserting a sequence of in-
terest into the viral vector, along with another gene which
encodes the ligand for a receptor on a specific target cell,
for example, the vector is target-specific. Viral vectors
can be made target-specific by attaching, for example, a
sugar, a glycolipid or a protein. Those skilled in the art
will know of, or can readily ascertain without undue ex-
perimentation, specific polynucleotide sequences which
can be inserted into the viral genome or attached to a
viral envelope to allow target-specific delivery of a viral
vector. Examples of viral vectors are known in the art
(e.g., Coffin, J.M., Retroviridae: The viruses and their rep-
lication, In Fundamental Virology, Third Edition, B.N.
Fields, el al., Eds., Lippincott-Raven Publishers, Phila-
delphia, 1996), and described, for example, in McVey et
al., U.S. Patent No. 5,801,030.

[0095] A vector comprising a nucleic acid encoding a
chimeric nuclease contains all or part of the coding se-
quence for the chimeric nuclease operably linked to one
or more transcriptional regulatory sequences whereby
the coding sequence is under the control of transcription
signals to permit production or synthesis of the chimeric
nuclease. Such transcriptional regulatory sequences in-
clude promoter sequences, enhancers, and transcription
binding sites. Exemplary constitutive promoters include,
but are not limited to, cytomegalovirus promoter (CMV),
SV40 early promoter, Rous Sarcoma Virus (RSV) pro-
moter, phosphoglycerate kinase promoter (PGK), and
chicken beta-actin promoter (CBA). For added control,
the chimeric nuclease may be under the control of an
inducible promoter. Exemplary inducible promoters in-
clude, but are not limited to, Zn2* metallothionein pro-
moter, metallothionein-1 promoter, human metal-
lothionein A promoter, lac promoter, laco promoter,
mouse mammary tumor virus early promoter, mouse
mammary tumor virus LTR promoter, triose dehydroge-
nase promoter, herpes simplex virus thymidine kinase
promoter, simian virus 40 early promoter, and retroviral
myeloproliferative sarcoma virus promoter. Another in-
ducible system that can be useful is the Tet-Off™ or Tet-
On™ system (Clontech, Palo Alto, CA) originally devel-
oped by Gossen and Bujard (Gossen and Bujard, 1992,
Proc. Natl. Acad. Sci. USA, 89:5547-5551; Gossen et al.,
1995, Science, 268:1766-9). This system also allows
high levels of gene expression to be regulated in re-
sponse to tetracycline or tetracycline derivatives such as
doxycycline. Selection of the promoters will generally de-
pend upon the desired route for expressing the chimeric
nuclease.

[0096] Vectors comprising nucleic acids encoding oth-
er types of nucleases may also be chosen and designed
as described above. Also described herein is a vector
comprising a repair substrate and a nucleic acid encoding
a nuclease. As described herein, the nuclease is option-
ally a chimeric nuclease, but may also be another type
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of nuclease. A vector may comprise sequences encoding
two or more nucleases, and particularly chimeric nucle-
ases. A preferred vector encodes two chimeric nucleases
that act conjointly to facilitate gene targeting.

[0097] Methods of constructing the vectors containing
nucleases and/or repair substrates are well known in the
art (see, e.g., Sambrook et al., Eds., Molecular Cloning:
A Laboratory Manual, 2nd edition, Cold Spring Harbor
University Press, New York (1989); and Ausubel et al.,
Eds., Current Protocols In Molecular Biology, John Wiley
& Sons, New York (1997)). For example, the nucleic acid
elements can be isolated from nature, modified from na-
tive sequences or manufactured de novo (e.g., by chem-
ical synthesis or recombinant DNA/RNA technology).
These elements can then be isolated and ligated together
by methods known in the art, such as exploiting and man-
ufacturing compatible cloning or restriction sites.

[0098] Vectors comprising chimeric nucleases and/or
repair substrates can be introduced into a cell by a variety
of methods (e.g., transformation, transfection, direct up-
take, projectile bombardment, using liposomes). Exam-
ples of suitable methods of transfecting or transforming
cells include calcium phosphate precipitation, electropo-
ration, microinjection, infection, lipofection and direct up-
take. Such methods are described in more detail, for ex-
ample, in Sambrook et al., Molecular Cloning: A Labora-
tory Manual, Second Edition, Cold Spring Harbor Univer-
sity Press, New York (1989); and Ausubel, et al., Current
Protocols in Molecular Biology, John Wiley & Sons, New
York (1998). In certain cases, a vector comprising chi-
meric nucleases and/or repair substrates can also be in-
troduced into a cell by targeting the vector to cell mem-
brane phospholipids. For example, targeting of a vector
of the present invention can be accomplished by linking
the vector molecule to a VSV-G protein (a viral protein
with affinity for all cell membrane phospholipids). Such
a construct can be produced using methods well known
to those practiced in the art.

VI. Cells

[0099] Asused herein, a cell refers to a prokaryotic cell
(e.g., abacterial cell), or a eukaryotic cell (e.g., an animal,
plant or yeast cell). A cell which is of animal or plant origin
can be a stem cell or somatic cell. Suitable animal cells
can be of, for example, mammalian, avian or invertebrate
origin. Examples of mammalian cells include human, bo-
vine, ovine, porcine, murine (such as murine embryonic
stem cells), rabbit and monkey cells. The cell may be an
embryonic cell, with the exception of a human embryonic
cell, bone marrow stem cell or other progenitor cell.
Where the cell is a somatic cell, the cell can be, for ex-
ample, an epithelial cell, fibroblast, smooth muscle cell,
blood cell (including a hematopoietic cell, red blood cell,
T-cell, B-cell, etc.), tumor cell, cardiac muscle cell, mac-
rophage, dendritic cell, neuronal cell (e.g., a glial cell or
astrocyte), or pathogen-infected cell (e.g., those infected
by bacteria, viruses, virusoids, parasites, or prions). A
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preferred cell is a human cell. In the case of a plant cell,
whole plants may be regenerated from genetically altered
cells by, for example, callus regeneration techniques.
[0100] The cells as used herein, include cultured cells
and cell lines. The cell can be an in vitro cell (e.g., outside
an animal’s body), or an in vivo cell (e.g., inside an ani-
mal’s body). The cell can be obtained commercially or
from a depository or obtained directly from an individual,
such as by biopsy. The cells can be obtained from an
individual in need, to whom the cells will be reintroduced
once the cells are modified in vitro. Alternatively, the cells
can be obtained from another different individual (donor)
ofthe same or different species. For example, nonhuman
cells, such as pig cells, can be modified in vitro to include
a DNA construct and then introduced into a human. In
other cases, the cells need not be isolated from an indi-
vidual where, for example, it is desirable to deliver the
vector to cells of the individual for in vivo gene therapy.
[0101] Alsodescribed herein is a cell comprising a chi-
meric nuclease and a repair substrate. Also described
herein is a cell comprising a nucleic acid encoding a chi-
meric nuclease and a repair substrate. Preferably the cell
is a mammalian cell, most preferably a human cell. The
cell need not be stably designed to comprise a chimeric
nuclease and a repair substrate; instead the cell may
comprise the chimeric nuclease and/or the repair sub-
strate for a brief period of time. As disclosed herein, pro-
longed expression of a nuclease may compromise the
viability of a cell, and therefore it may be preferable that
the nuclease be present or active in the cell for only so
long as is needed to effect gene targeting. The transient
presence of a chimeric nuclease in a cell may be
achieved, for example, by direct introduction of the pro-
tein, by transient transfection with a non-integrating vec-
tor encoding the chimeric nuclease, by transient or non-
transient transfection with a nucleic acid expressing a
chimeric nuclease under control of an inducible or oth-
erwise controlled promoter. Transient activity of a nucle-
ase in a cell may be achieved, as described above, by
coupling the nuclease to a polypeptide such as tamoxifen
responsive portion of an estrogen receptor.

VIl. Methods for Gene Targeting

[0102] Alsodescribed herein are methods of changing
a target sequence in chromosomal DNA through gene
targeting in a mammalian cell. The method can be used
to modify a target sequence. The method can be used
to repair a target sequence. The method can be used to
attenuate or inactivate a target sequence/gene. The
method can used to introduce a heterologous sequence
into a site of interest in the chromosome.

[0103] Such methods may comprise the following
steps: (a) introducing a chimeric nuclease into the cell,
wherein said chimeric nuclease comprises: (i) a DNA
binding domain; and (ii) a cleavage domain; and (b) in-
troducing a repair substrate into the cell, wherein said
repair substrate comprises: (i) a polynucleotide se-
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quence that is substantially identical to a region on one
or both sides of the target sequence; and (ii) a polynu-
cleotide sequence which changes the target sequence
upon recombination between the repair substrate and
the target sequence. Upon recombination between the
repair substrate and the target sequence, the target se-
quence is changed so as to match the repair substrate.
Optionally, in such methods for gene targeting, the chi-
meric nuclease and the repair substrate are introduced
into a cell on a single vector. Preferably, the chimeric
nuclease used in such methods further comprises a nu-
clear localization signal (NLS) in addition to a DNA bind-
ing domain and a cleavage domain.

[0104] The repair substrate and/or the chimeric nucle-
ase may be operably linked to a promoter in a vector.
Optionally, the promoter is an inducible promoter. Details
of the vectors and methods of introducing the chimeric
nuclease and/or repair substrate into a cell are described
above.

[0105] Gene targeting methods may be used to intro-
duce a transgene for expression in the cell ("transgene-
sis"). For example, a genetic disease caused by a de-
crease in the level of a necessary gene product may be
treated or ameliorated by providing a transgene express-
ing the needed gene product. The transgene may be tar-
geted to the location of the endogenous gene, or to a
different location. In a particular example of the subject
method, the site of interest is a transcriptionally active
location, or an "open location" in chromosome. The term
"open location," as used herein, refers to a specific chro-
mosomal location that is known to support transcription.
There is considerable evidence to suggest that a heter-
ologous gene inserted at an open location will be ex-
pressed more effectively than a heterologous gene in-
serted elsewhere.

[0106] Also contemplated herein is inducing gene tar-
geting in the presence of an inhibitor of the non-homol-
ogous end joining (NHEJ) pathway. On one hand, such
inhibitors can increase the rate of gene targeting. On the
other hand, such inhibitors can decrease the rate of the
unwanted non-homologous recombination events. It is
known that in order to maintain genomic integrity, higher
eukaryotes have evolved multiple pathways for the repair
of double stranded breaks (DSB) in a cell, including non-
homologous end joining (NHEJ). NHEJ joins together
double stranded DNA ends after they are modified, and
is regarded as the dominant mechanism for DSB repair
in vertebrates, especially in Gy and G, phases of the cell
cycle (Khanna et al., 2001, Nat. Genet., 27:247-254).
[0107] Examples of inhibitors of the NHEJ pathway in-
clude any compound (agent) that inhibits or blocks either
expression or activity of any protein component in the
NHEJ pathway. Protein components of the NHEJ path-
way include, but are not limited to, Ku70, Ku86, DNA
protein kinase (DNA-PK), Rad50, MRE11, NBS1, DNA
ligase 1V, and XRCC4. An exemplary inhibitor is wort-
mannin which inhibits at least one protein component
(e.g., DNA-PK) of the NHEJ pathway.
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[0108] Another example of such inhibitors can be an
RNAI construct that blocks expression of a protein com-
ponent of the NHEJ pathway (e.g.., DNA-PK or DNA
ligase IV). As used herein, the term "RNAi construct" is
agenerictermincluding smallinterfering RNAs (siRNAs),
hairpin RNAs, and other RNA or RNA:DNA species which
can be cleaved or dissociated in vivo to form siRNAs. It
is known that RNAi (RNA interference) provides a useful
method of inhibiting gene expression in vitro or in vivo.
RNAI constructs may comprise long stretches of dsRNA
identical or substantially identical to the target nucleic
acid sequence or. short stretches of dsRNA identical to
substantially identical to only a region of the target nucleic
acid sequence, although in mammalian cells, a shorter
RNAI construct is preferred so as to avoid triggering any
cellular immune responses. For example, RNAi con-
structs having a length of 18 to 30 nucleotides may be
employed, and preferably RNAi constructs having a
length of 18 to 25 nucleotides. RNAI constructs herein
also include expression vectors capable of giving rise to
transcripts which form dsRNAs or hairpin RNAs in cells,
and/or transcripts which can produce siRNAs in vivo.
Methods of making and using RNAi constructs are de-
scribed in published U.S. Patent Application Nos.
US20020086356, US20020162126, US20030084471,
and US20030108923. RNAI constructs may be adminis-
tered as naked nucleic acids or in a complex with various
cationic moieties or lipids.

[0109] Methodologies to decrease non-homologous
recombination are particularly relevant in view of recent
results in the gene therapy treatment of patients suffering
from Severe Combined Immunodeficiency. Inthese gene
therapy trials, the curative gene was introduced by non-
homologous recombination. In rare instances, the gene
incorporated in such a way as to activate an oncogene,
and although recipients showed initial benefit, many now
suffer from leukemia. As described above, NHEJ inhibi-
tors may decrease the incidence of non-homologous in-
tegration. In an ex vivo setting, it is also possible to elim-
inate or select against cells in which a non-homologous
recombination event has occurred. For example, any in-
troduced nucleic acid, such as a nucleic acid encoding
a chimeric nuclease, a repair substrate, or part or all of
avector, may be incorporated non-homologously into the
genome of the cell that is the subject of gene targeting.
Cells containing non-homologously recombined material
may be eliminated by a variety of methods. For example,
a nucleic acid introduced into the cell may be designed
to include a counter selectable marker, such as a viral
thymidylate kinase gene (e.g. HSV-tk), that causes the
elimination of any cell containing such marker. Thus, if
only homologous recombination occurs, only the repair
substrate sequence should be inserted into the genome.
If non-homologous recombination occurs, an entire con-
struct containing the counter-selectable marker is likely
to be incorporated into the genome. Cells containing such
markers may be eliminated by the counterselection treat-
ment, which, in the case of the HSV-tk gene, is typically
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treatment with the antiviral agent gancyclovir. A marker
may also be one that permits rapid sorting, such as a
fluorescent protein marker (e.g., Green Fluorescent Pro-
teins and the like), through a process such as Fluores-
cence Activated Cell Sorting (FACS).

[0110] Also described herein are methods of amelio-
rating, treating or preventing diseases in an individual by
gene targeting. For example, an allele may contribute to
a disease by increasing the individual’'s susceptibility to
the disease or by being a direct causal contributor to the
disease. Accordingly, by changing the sequence of the
allele, the disease may be ameliorated, treated or pre-
vented. The individual may be amammal or other animal.
A preferred individual is a human.

[0111] More than 3,000 diseases are caused by mu-
tations, including sickle cell anemia, hemophilia, severe
combined immunodeficiency (SCID), Tay-Sachs dis-
ease, Duchenne’s muscular dystrophy, Huntington’s dis-
ease, alpha-thalassemia, and Lesch Nyhan syndrome.
Accordingly, all these genetic diseases are within the
scope of the present disclosure.

[0112] Specifically, certain examples described herein
are particularly suitable for diseases where corrected
cells by gene targeting have a significant selective ad-
vantage over mutant cells. An example of such diseases
is severe combined immunodeficiency (SCID) which is
mainly caused by mutation in the human common gam-
ma-chain. The gene targeting rates of 3-5% (as demon-
strated by the presentdisclosure) would likely be curative
for this type of diseases.

[0113] Certain examples described herein are also
suitable for diseases where cells corrected by gene tar-
geting have no significant selective advantage over mu-
tant cells. Two examples of such diseases are sickle cell
disease which is caused by a single nucleotide substitu-
tion in the beta-globin gene, and hemophilia which mainly
results from mutations in factor VIl or factor IX. The gene
targeting rates of 3-5% (as demonstrated herein) are ex-
pected to be sufficient to ameliorate or even cure the
diseases since a small percentage of corrected cells may
have a dramatic benefit.

[0114] The methods described herein may be used to
alter a genomic target sequence that renders a subject
susceptible to an infectious disease. For example, many
viral and bacterial pathogens enter a cell by binding to
and recruiting a set of cell surface and intracellular pro-
teins. Gene targeting may be used to eliminate or atten-
uate such a binding site or entry mechanism. An exem-
plary target gene is the CCR5 gene that participates in
HIV entry into T cells. Cells of anindividual who is infected
with HIV or susceptible to HIV infection may be treated
so as to decrease the ability of HIV to enter the cells. For
example, the cell may be a T cell or a T cell progenitor
such as a hematopoietic stem cell.

[0115] Certain methods described herein may be ap-
plied to cells in vitro or applied to subjects, thereby ef-
fecting gene targeting in vivo.

[0116] Chimeric nucleases and vectors described
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herein can be introduced into an individual using routes
of administration generally known in the art (e.g.,
parenteral, mucosal, nasal, injection, systemic, implant,
intraperitoneal, oral, intradermal, transdermal, intramus-
cular, intravenous including infusion and/or bolus injec-
tion, subcutaneous, topical, epidural, buccal, rectal, vag-
inal, etc.).

[0117] Incertain aspects, chimeric nucleases and vec-
tors described herein can be formulated in combination
with a suitable pharmaceutically acceptable carrier (ex-
cipient), such as saline, sterile water, dextrose, glycerol,
ethanol, Ringer’s solution, isotonic sodium chloride so-
lution, and combinations thereof. Formulation should suit
the mode of administration, and is well within the skill of
the art. The mode of administration is preferably at the
location of the target cells.

[0118] Chimeric nucleases and vectors described
herein may be administrated to an individual, alone orin
conjunction with other therapeutic agents. These differ-
ent types of therapeutic agents may be administered in
the same formulation or in a separate formulation.
[0119] The dosage of chimeric nucleases or vectors
described herein administered to an individual, including
frequency of administration, will vary depending upon a
variety of factors, including mode and route of adminis-
tration; size, age, sex, health, body weight and diet of the
recipient; nature and extent of symptoms of the disease
or disorder being treated; kind of concurrent treatment,
frequency of treatment, and the effect desired; the nature
of the formulation; and the judgment of the attending
practitioner. Variations in these dosage levels can be ad-
justed using standard empirical routines for optimization,
as is well understood in the art.

[0120] The present invention is illustrated by the fol-
lowing examples.

EXAMPLES

Example 1: Chimeric nucleases stimulate gene targeting
in mammalian cells.

[0121] Gene targeting is a powerful technique for in-
troducing genetic change into the genome of eukaryotic
cells. Toaugment the power of this technique, Applicants
have systematically investigated the variables that reg-
ulate gene targeting. Itis evident thatlocal double-strand-
ed DNA breaks are a powerful stimulus for gene target-
ing. Thus, Applicants have adapted chimeric nucleases,
protein fusions that can be designed to recognize a wide
variety of DNA sequences, to stimulate gene targeting
up to therapeutically and experimentally useful levels in
human somatic cells. This appears to be the first gene
targeting in a manner using a chimeric nuclease.

[0122] Since the discovery that sickle cell anemia is
caused by a single base pair mutation, it has been a goal
to cure the disease by correcting the mutation. With the
understanding that numerous diseases are caused by
similar small mutations in single genes, the importance
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of being able to cure disease by gene correction has only
increased. Conceptually, one method of gene correction
is to adopt the strategy of gene targeting that is used to
create genetic change in murine embryonic stem (ES)
cells and use it in human somatic cells (Capecchi, 1989,
Science, 244:1288-1292; Doetschman et al., 1987, Na-
ture, 330:576-8). Such a strategy has been precluded by
the extremely low spontaneous rate of gene targeting
when DNA is introduced into human somatic cells (Se-
divy etal., 1989, Proc. Natl. Acad. Sci. USA, 86:227-231).
It is known, however, that the creation of a DNA double-
stranded break (DSB) in the genomic target can stimulate
the process by over a thousand fold (DSB-induced gene
targeting or DSB-GT) (Choulika et al., 1995, Molecular
and Cellular Biology, 15:1968-1973; Smih et al., 1995,
Nucleic Acids Res, 23:5012-9; Donoho et al., 1998, Mol
Cell Biol, 18:4070-8; Sargent et al., 1997, Mol Cell Biol,
17:267-77; Brenneman et al., 1996, Proc Natl Acad Sci
U S A, 93:3608-12). Applicants describe herein a system
to systematically explore the factors that regulate DSB-
induced gene targeting. Applicants used this system to
demonstrate that chimeric nucleases can be potent stim-
ulators of gene targeting in the genome of human somatic
cells.

[0123] The system Applicants used to study gene tar-
geting is depicted in Figure 1 and was based on the cor-
rection of a mutated green fluorescent protein (GFP)
gene ("GFP gene targeting system"). A single copy of an
artificial gene target (A658) was stably integrated into the
genome of 293 cells, and found that the maximum
number of GFP positive cells occurred 2.5-3 days after
transfection and remained stable for at least two weeks
(Figure 1D). The gene targeting reaction, therefore, oc-
curred relatively quickly after transfection and created
stable genetic change. Finally, Applicants purified single
GFP positive cells by fluorescence activated cell sorting
and determined the sequence ofthe GFP gene after gene
targeting. Inthe 9 GFP positive cells tested, the sequence
of the GFP gene was wild-type, demonstrating that gene
targeting had occurred (data not shown). The DSB-GT
rate in murine 3T3 and human Sa0S-2 cells was similar
to that in 293 cells (data not shown). Further, the DSB-
GT rate was similar whether a pool of cells (Figure 3B)
or a clonal cell line (Figure 1C) with single insertion sites
for A658 was examined. Thus, our findings were not cell
type or integration site dependent.

[0124] Applicants then explored the variables that reg-
ulate the rate of DSB-GT. Applicants found that increas-
ing the amount of substrate (RS2100) transfected in-
creased the rate of DSB-GT until a plateau is reached
(Figure 2A). This result demonstrated that gene targeting
is dependent on the amount of repair substrate available.
Applicants found that increasing the length of homology
between the repair substrate and the target linearly in-
creased the rate of DSB-GT (Figure 2B). In these exper-
iments, Applicants kept the amount of 5 homology con-
stant at 290 basepairs (bp) and varied the amount of 3’
homology from 500 bp to 3700 bp. This result suggests
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that while spontaneous gene targeting is logarithmically
dependent on homology length (Deng et al., 1992, Mo-
lecular and Cellular Biology, 12:3365-3371), DSB-GT is
linearly dependent on homology length. In either case,
increasing the length of homology between the damaged
target and the repair substrate increased the frequency
with which the cell undergoes gene targeting. Figure 2C
shows that the DSB-GT rate was linearly dependent on
the amount of PGK-Sce transfected. The DSB-GT rate
plateaued, however, when higher amounts of CBA-Sce
were transfected (Figure 2C). This data suggests that
DSB-GT is dependent on the creation of a DSB to initiate
gene targeting but eventually becomes saturated for DSB
creation. Applicants found that manipulating the tran-
scriptional status of the repair substrate can affect the
rate of gene targeting. Transcribing the truncated repair
substrate with a CMV promoter (CMV-RS2100) in-
creased the rate of DSB-GT by 50% (Figure 2D). Just as
with RS2100, transfecting CMV-RS2100 into 293-0 cells
did not generate GFP positive cells (data not shown).
The rate of DSB-GT was highest when See expression
is driven by the CBA promoter, intermediate with the CMV
promoter, and lowest with the PGK promoter (Figure 2E).
This result probably reflects the different levels of See
expression from each promoter. Figure 2E also demon-
strates that the rate of DSB-GT can be increased by plac-
ing the repair substrate on the same plasmid as the See
expression cassette rather than co-transfecting two plas-
mids. The stimulation was lost when the DSB-GT process
was at saturation as when the CBA promoter was used
to express Sce. When Applicants optimized the above
parameters Applicants achieved gene targeting rates of
3-5% (Figure 2E, CBA promoter).

[0125] Inthe GFP gene targeting system the introduc-
tion of a DSB stimulated GT by >2000-fold and the ab-
solute rate of gene targeting reached 3-5% when condi-
tions were optimized. Such a system, however, depend-
ed on the prior introduction of a See site into the target
gene and therefore can not be used for endogenous
genes. To stimulate gene targeting at endogenous
genes, a method to create sequence specific DSBs in
those genes needs to be developed. Chimeric nucleases
have such potential (Chandrasegaran et al., 1999, Biol
Chem, 380:841-8). Chimeric nucleases-fusions between
zinc finger binding DNA binding domains and the endo-
nuclease domain of the Fokl restriction enzyme ("Fn")--
can site-specifically cleave naked DNA in vitro (Chan-
drasegaran et al., 1999, Biol Chem, 380:841-8), extra-
chromosomal DNA in Xenopus oocytes (Bibikova et al.,
2001, Mol Cell Biol, 21:289-97) and chromosomal DNA
in Drosophila (Bibikova, et al., 2002, Genetics,
161:1169-75). Applicants decided to try to extend this
methodology to stimulate gene targeting in human so-
matic cells (Figure 3). Figure 3A shows the structure of
the expression plasmids and target sites for the chimeric
nuclease experiments. Applicants designed three differ-
ent chimeric nucleases, each driven by the CMV promot-
er and containing a nuclear localization signal at their
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amino-termini (Figure 3A). Intwo constructs (CMV-QQR-
L18-Fn and CMV-QQR-LO-Fn) the DNA binding specif-
icity was conferred by the artificial QQR three zinc finger
domain that binds with nanomolar affinity to the sequence
5 GGGGAAGAA 3 (Shi et al, 1995, Science,
268:282-284). These two constructs differed in the length
of the amino acid linker between the zinc fingers and the
Fn domain. The amino acid linker was 18 amino acids in
CMV-QQR-L18-Fn while in CMV-QQR-LO-Fn there was
no amino acid linker. CMV-ZIF-L3-Fnfused the three zinc
fingers from Zif268 to the Fn domain with a 3 amino acid
linker between the two domains. The Zif268 zinc finger
domain recognizes the sequence 5 GCGTGGGCG ¥
with sub-nanomolar affinity (Elrod-Erickson et al., 1999,
J Biol Chem, 274:19281-5). Applicants constructed three
cell lines (293/QQRS8, 293/QQR6, 293/QQRZIF6) with
corresponding gene targets (QQR8, QQR6, and
QQRZIF6). QQR8 and QQR®6 have inverted repeats of
the QQR binding site inserted next to the See recognition
site (Figure 3A). QQR8 and QQRG6 differed in that the
repeats are separated by 8 bp in QQR8 and 6 bp in
QQRE®6. Prior work has shown that purified QQR-Fn pro-
tein without an amino acid linker (equivalent to CMV-
QQR-LO-Fn) cuts DNA most efficiently when the inverted
DNA binding sites are separated by 6 bp while purified
QQR-Fn protein with an 18 amino acid linker (equivalent
to CMV-QQR-L18-Fn) cuts DNA when the binding sites
are separated by either 6 or 8 bp (Bibikova, et al., 2002,
Genetics, 161:1169-75; Smith et al., 2000, Nucleic Acids
Res, 28:3361-9). In all of the chimeric nuclease gene
targeting experiments, Applicants co-transfected the chi-
meric nuclease with the repair substrate RS2700 (Figure
1A).

[0126] Applicants found that the QQR chimeric nucle-
ases stimulated DSB-GT (Figure 3B). While the back-
ground rate of spontaneous gene targeting in 293 cells
was 0.71 events per million transfected cells (Figure 1C),
the CMV-QQR-L18-Fn chimeric nuclease stimulated
gene targeting 17-fold on target QQR6 and 260-fold on
target QQR8 (Figure 3B). More strikingly, CMV-QQR-
LO-Fn did not stimulate gene targeting on target QQR8
but stimulated gene targeting by over 2000-fold on target
QQR®6 (Figure 3B). Thus, CMV-QQR-L18-Fn showed
some preference for QQR8 over QQR6 while CMV-QQR-
LO-Fn showed a dramatic preference for QQR6 over
QQRS8. These results demonstrate, therefore, that re-
moving the amino acid linker between the zinc finger and
the nuclease domains increased both the activity and
specificity of the fusion protein. Moreover, CMV-QQR-
LO-Fn was as efficient as See in stimulating gene target-
ing on target QQRG6. If the chimeric nucleases did not
have a nuclear localization signal they were unable to
stimulate gene targeting (data not shown). They were
also unable to stimulate gene targeting if there was a
single zinc finger binding site rather than an inverted re-
peat binding site (data not shown). CMV-ZIF-L3-Fn was
not able to stimulate gene targeting in either 293/QQR3
or 293/QQRE6 cell lines showing that stimulation depend-
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ed on having the cognate DNA binding site in the target
gene (data not shown). Overall, these results demon-
strate that homodimers of chimeric nucleases were ex-
tremely potent stimulators of gene targeting in the ge-
nome of human somatic cells.

[0127] To explore further the specificity and efficiency
of DSB-GT induced by chimeric nucleases, Applicants
tested whether heterodimers of chimeric nucleases could
stimulate gene targeting. In cell line 293/QQRZIF6 the
target GFP gene was disrupted by inverted binding sites
for the QQR and Zif268 zinc fingers separated by 6 bp.
Transfection of either CMV-QQR-LO-Fn or CMV-ZIF-L3-
Fn alone did not result in significant stimulation of gene
targeting (Figure 3C). When Applicants co-transfected
both chimeric nucleases, however, Applicants were able
to stimulate gene targeting by over 5000-fold and the
stimulation was as efficient as See (Figure 3C). Het-
erodimers of chimeric nucleases, therefore, can cleave
genomic target sequences to stimulate gene targeting
several thousand fold.

[0128] Applicants found one important difference be-
tween Sce and the chimeric nucleases in stimulating
gene targeting. When Applicants used Sce to stimulate
gene targeting, the number of GFP positive cells reached
a maximum at 3 days and then remained stable (Figure
1D). When Applicants used the chimeric nucleases to
stimulate gene targeting, however, Applicants found that
the number of GFP positive cells decreased with time
after day 3 (Figure 3D). The decrease in GFP positive
cells suggests that continuous expression of these nu-
cleases, including one that has a very specific binding
site (Zif268), is toxic to cells.

[0129] The ability to correct mutations by gene target-
ing is a conceptually elegant form of gene therapy that
has been precluded by its low rate in human somatic
cells. Applicants have found that DSB-GT is a process
that is dependent on the length of homology between
genomic target and repair substrate, the amount of repair
substrate in the cell, the frequency of DSBs at the target,
and the transcriptional status of the repair substrate.
When Applicants optimize these parameters, Applicants
achieve gene targeting rates of 3-5%. Such rates of gene
targeting are of a therapeutically and experimentally use-
ful magnitude. In diseases where corrected cells have a
powerful selective advantage over mutant cells, such as
severe combined immunodeficiency (SCID), gene cor-
rection rates of 3-5% would almost certainly be curative.
In other diseases, such as sickle cell disease, in which
selective advantage for corrected cells is only imposed
in post-replicative cells, a correction rate of 3-5% may
only ameliorate the disease. Finally, in diseases in which
there is no selective advantage for corrected cells but
where small numbers of corrected cells may have a dra-
matic benefit, such as hemophilia, targeting rates of 3-5%
may be sufficient to ameliorate or even cure.

[0130] Applicants used the GFP system to show that
chimeric nucleases can stimulate gene targeting in hu-
man somatic cells by at least several-thousand fold. This
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result has powerful implications. Chimeric nucleases are
modular in nature with the DNA binding specificity resid-
ing in the zinc finger domain. By modifying the DNA bind-
ing specificity of the zinc finger domain, they can be en-
gineered and optimized to bind specifically to a wide va-
riety of nine bp sequences (Rebar et al., 1994, Science,
263:671-3; Wolfe et al.,, 2001, Structure (Camb),
9:717-23; Sera and Uranga, 2002, Biochemistry,
41:7074-81). Thus, one should be able to engineer chi-
meric nucleases to stimulate gene targeting at any locus.
Our data suggest that the most efficient stimulation of
gene targeting is obtained when dimers of chimeric nu-
cleases, including heterodimers, cooperate to cleave
DNA. Using a pair of three finger chimeric nucleases, the
overall recognition sequence would be 18 bp long which
statistically should be unique in a 3 billion bp genome. It
may not be possible to engineer pairs of chimeric nucle-
ases that cleave at any sequence. Elliot et al. (1998),
however, show that gene conversion tract lengths can
be up to a hundred base pairs in length even with se-
quence heterologies (Elliott et al., 1998, Mol Cell Biol,
18:93-101). Given both the window provided by the
length of gene conversion tracts and the ability to select
and design triplet zinc fingers to recognize a wide array
of nine bp binding sites, it seems likely that chimeric nu-
cleases can be designed to stimulate gene targeting at
any sequence in the genome. In our study, Applicants
found that chimeric nucleases had some toxicity when
continuously over-expressed in 293 cells. It may be pos-
sible to decrease the toxicity of chimeric nucleases by
improving the specificity of the zinc fingers by in vitro
selection (Wolfe etal., 2001, Structure (Camb), 9:717-23)
or by placing the chimeric nucleases under more regu-
lated control. In summary, this work establishes a basis
for the efficient site-specific genomic manipulation in
mammalian somatic cells for experimental purposes.
Perhaps more importantly, this work establishes a para-
digm for correction of mutations by gene targeting in hu-
man somatic cells for therapeutic purposes.

Example 2: Site-Specific Manipulation of the Genome
with Chimeric Nucleases.

[0131] Cys2-His2zincfinger DNA binding domains are
modular protein units that can be designed to recognized
a wide variety of nucleotide triplets (Wolfe et al., 2000,
Annu Rev Biophys Biomol Struct, 29:183-212). For ex-
ample, using in vitro selection techniques, someresearch
groups have designed zinc fingers that can bind with high
specificity to all 16 different GNN nucleotide triplets (Liu
et al., 2002, J Biol Chem, 277:3850-3856; Segal et al.,
1999, Proc Natl Acad Sci U S A, 96:2758-2763). A re-
search group reported a similar characterization of zinc
finger domains that could bind all 16 different ANN nu-
cleotide ftriplets (Dreier et al., 2001, J Biol Chem,
276:29466-29478). Finally, others have proposed a rec-
ognition code for all nucleotide triplets (Sera and Uranga,
2002, Biochemistry, 41:7074-7081; Wolfe et al., 2000,
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Annu Rev Biophys Biomol Struct, 29:183-212). These
codes were developed based on the recognition se-
quences and crystal structures of known zinc finger DNA
binding domains. Applicants’ prior work established a ba-
sis for the rational design of a zinc-finger DNA domain
to recognize any ftriplet.

[0132] To design zinc finger domains to recognize en-
dogenous sequences in genes that cause genetic dis-
eases when mutated, Applicants used a PCR based
strategy to manufacture three finger zinc finger domains
and fused the three finger domain to the endonuclease
domain of the Fokl restriction enzyme. To assay whether
the new chimeric nucleases could stimulate gene target-
ing, Applicants created an artificial gene target integrated
as a single copy in the genome of the cell. The artificial
gene target consisted of a GFP gene with an inverted
repeat of the 9 bp endogenous target sequence with the
9 bp recognition sequence for Zif268. Applicants have
previously shown that the chimeric nuclease with the
Zif268 three-finger domain (CMV-Zif-L3-Fn) is able to
stimulate gene targeting as a heterodimer. If gene tar-
geting occurs, the mutated GFP gene converts to wild-
type and the cell becomes GFP positive. The efficiency
ofgenetargeting is determined by measuring the number
of GFP positive cells by flow cytometry.

[0133] Applicants provide evidence and proof of prin-
ciple that chimeric nucleases can be used to stimulate
genetargeting at endogenous sequences from important
disease causing genes by designing chimeric nucleases
to cleave target sequences derived from the human B-
globin gene and the human common vy chain. A point
mutation in the human B-globin gene causes sickle cell
anemia and a variety of mutations in the common y-chain
lead to severe combined immunodeficiency (SCID).
[0134] The sequence of the human B-globin gene sur-
rounding the codon mutated (in red) to cause sickle cell
anemia is shown in Figure 4. Depicted are two pairs of
potential chimeric nucleases (HBGZF1 and HBGZF2;
HBGZF3 and HBGZF4). The binding sites for the chimer-
ic nucleases are highlighted by being in capital letters.
[0135] Figure 5 demonstrates the binding site for
HBGZF1 and the zinc finger domains from Liu et al.
(2002) and Segall et al. (1999) that recognize each triplet
using the single letter code. Applicants made a chimeric
nuclease ("HBGZF1") using the amino acids for fingers
1-3 that are denoted by a star and placed the chimeric
nuclease under the control of a CMV promoter. Appli-
cants then transfected 293 cells with the artificial GFP
genetarget (293/1104 cells). The GFP gene contains the
insertional mutation as depicted in Figure 6. Applicants
found that transfecting either CMV-HBGZF1 or CMV-Zif-
L3-Fn did not significantly stimulate gene targeting (Fig-
ure 6). When Applicants transfected the two nucleases
together, however, Applicants obtained significant stim-
ulation of gene targeting (over 4000-fold) and a gene
targeting rate almost as high as with the /-Scel endonu-
clease (Figure 6). This stimulation of gene targeting dem-
onstrates that chimeric nucleases can be designed to
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recognize endogenous gene sequences and that those
nucleases can then serve to stimulate gene targeting at
those sequences.

[0136] The designandtargetsite for HBGZF4 is shown
in Figure 7. The top part of Figure 8 shows the artificial
GFP gene target in which the HBGZF4 is placed as an
inverted repeat with respect to the ZIF268 binding site.
Using cell line 293/1114 that contains a single copy of
this gene target, Applicants obtained excellent gene tar-
geting stimulation using the /-Scel endonuclease, but on-
ly slight stimulation using CMV-HBGZF4 and CMV-Zif-
L3-Fn together (~60 fold). The stimulation with both nu-
cleases was not significantly superior to that obtained
using CMV-HBGZF4 alone (-30 fold).

[0137] Itis known thatmutationsinthe humancommon
y-chain are the most common cause of SCID (Notarange-
loetal., 2000, Immunol Rev, 178:39-48). Figure 9 shows
the structure of the human common y-chain and the lo-
cation of mutations in the gene that lead to SCID. The
lower part of Figure 9 shows the sequence of exon 5 and
the proposed binding sites for chimeric nucleases
HCGCZF1 and HCGCZF2.

[0138] Figure 10 shows the binding site for HCGCZF2
and the structure of HCGCZF2 using the amino acids for
zinc fingers 1-3 deduced from the zinc-finger code from
Seraand Uranga (2002). The top part of Figure 11 shows
the artificial hybrid HCGCZF2/Zif268 binding site insert-
ed into the GFP gene. Transfecting CMV-HCGCZF2 or
CMV-Zif-L3-Fn alone did not significantly stimulate gene
targeting. But using the chimeric nucleases together, Ap-
plicants obtained significant stimulation in gene targeting
(over 200-fold) (Figure 11). The two nucleases together,
however, were not as efficient as the /I-Scel endonucle-
ase (Figure 11). Nonetheless, HCGCZF2 provides a sec-
ond example of the empiric design of a chimeric nuclease
to recognize an endogenous 9 bp sequence that can
stimulate gene targeting in the genome of a human so-
matic cell.

Example 3. Gene Targeting of Endogenous Sequences

[0139] Inexample 2, applicants demonstrated the de-
sign of chimeric nucleases (zinc finger nucleases in this
example) to cleave at sequences derived from endog-
enous genes (the B-globin gene and the common y-chain
gene). In particular applicants were 100% successful at
designing chimeric nucleases to cleave at target sites
with  the following consensus sequence: 5
GNNGNNGNN 3’ where G represents guanine and N
represents any nucleotide. Applicants expected, there-
fore, that one could empirically design a pair of zinc finger
nucleases to stimulate gene targeting in a natural gene
if that gene contained an inverted repeat of the above
consensus sequence with the repeats separated by 6
nucleotides (e.g. 5 NNCNNCNNC NNNNNN
GNNGNNGNN 3’). Both the GFP gene and the human
CD8a gene contain such a sequence.

[0140] Inthis example, applicants demonstrate the de-
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sign of chimeric nucleases that stimulate gene targeting
in both of these genes.

Gene Targeting of GFP using GFP Chimeric Nucleases

[0141] By searching the sequence of GFP, following
sequence was identified: 5° ACC ATC TTC TTCAAG
GAC GAC GGC 3'. This sequence fits the inverted repeat
consensus sequence described above. The sequence
goes from bp 292-315 of the coding sequence of the
gene. Using, in part, guidance from Liu et al. (2002) ap-
plicants made GFP-CN1 to recognize the target se-
quence 5’ GAA GAT GGT 3’ and GFP-CN2 to recognize
the target sequence 5° GAC GAC GGC 3'. Applicants
used the chimeric nuclease backbone from Zif-Fn to
make each of these and tested the GFP-CNs using the
GFP gene targeting system described in example 1
above. The target binding site for the GFP-CNs lies ad-
jacent to the insertion of the I-Scel recognition site into
the GFP gene. Briefly, in these cells the mutated GFP
gene is integrated as a single copy into the genome of
293 cells. The GFP-CNs were able to stimulate gene
targeting when co-transfected with a repair substrate by
1000-fold (Figure 12). The GFP-CNs were not as efficient
as |-Scel at stimulating gene targeting (Figure 12).
[0142] In conclusion this example shows that chimeric
nucleases can be generated to stimulate gene targeting
at a natural gene even if that gene is integrated into the
genome of a human somatic cell.

Gene Targeting of the human CD8 gene using Chimeric
Nucleases

[0143] In the GFP gene targeting system we express
the human CD8a gene off a bicistronic transcript that
includes the mutated GFP gene. In cell line 293/1004,
forexample, 95% of the cells are CD8 positive. Applicants
found the following sequence 5 GGCGCCCAC
CATCGC GTCGCAGCC 3'that spans base pair441-468
of the human CD8a gene and fits the inverted repeat
consensus described above. Applicants constructed
CDB8CN1 torecognize 5 GTGGGCGCC 3’ and CD8CN2
to recognize 5° GTCGCAGCC 3'. Applicants also con-
structed a CD8 cDNA knock-out plasmid in which a puro-
mycin resistance cassette is flanked by 440 bases of 5’
homology and 220 bases of 3’ homology to the CD8 gene
(called "CD8 Knockout Plasmid"). Applicants then trans-
fected the CD8 Knockout Plasmid with and without the
CD8 chimeric nucleases into cell line 293/1104 and
measured the percentage of CD8 positive cells in a pop-
ulation of cells after puromycin selection (Figure 13).
Transfecting the CD8 Knockout Plasmid did not change
the number of CD8 negative cells from the parent popu-
lation (5% CD8 negative in both) as expected. After co-
transfection of the CD8 chimeric nucleases with the CD8
Knockout Plasmid, over 20% of the cells were now CD8
negative. This shows that chimeric nucleases can stim-
ulate gene targeting in the CD8co. cDNA by stimulating
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the insertion of the puromycin knockout plasmid into the
gene.

[0144] This example demonstrates that pairs of chi-
meric nucleases can be designed to stimulate gene tar-
geting in natural genes. In the first case we show that
chimeric nucleases can be used to stimulate the repair
of the GFP gene as a model for how chimeric nucleases
can be designed and used in potential gene therapy ap-
plications. In the second case, we show that chimeric
nucleases can stimulate gene targeting and the knock-
out of the CD8 gene as a model for how chimeric nucle-
ases can be designed and used in potential somatic cell
genetic applications. Furthermore, the knock-out of the
CD8 gene involved the insertion of a large marker gene
into the CD8 locus, demonstrating that the techniques
disclosed herein may be used for "transgenesis", i.e., the
insertion of a transgene into a desired position of the
genome.

Claims

1. A plasmid vector for use in integrating a repair sub-
strate into genomic DNA, the plasmid vector com-
prising

(a) a nucleic acid encoding two chimeric nucle-
ases, wherein each chimeric nuclease compris-
es:

(i) a DNA binding domain comprising at
least three zinc finger domains;

(ii) a Fok I cleavage domain;

(iii) a nuclear localization signal (NLS),

wherein the chimeric nucleases dimerize to
cleave genomic DNA; and

(b) a nucleic acid comprising a repair substrate
that comprises:

(i) a nucleic acid sequence that is substan-
tially identical to a region flanking a target
sequence in chromosomal DNA; and

(i) a nucleic acid sequence which replaces
the target sequence upon recombination
between the repair substrate and the target
sequence following cleavage of the genom-
ic DNA by a heterodimer of the chimeric nu-
cleases of (a) and further,

wherein the genomic DNA is inactivated fol-
lowing integration of the repair substrate.

2. The vector of claim 1, wherein the DNA-binding do-
main binds to a recognition sequence that occurs at
a position in a mammalian genome within at least
500 base pairs of an allele that contributes to a ge-
netic disorder, and wherein the recognition se-
quence comprises at least 9 nucleotides.
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The vector of claim 1 or 2, wherein the nucleic acid
encoding the chimeric nuclease is operably linked
to a promoter for expression in a mammalian cell,
and optionally the promoter is an inducible promoter.

The vector of any of claims 1 to 3, wherein the vector
is a viral vector.

The vector of claim 4, wherein the viral vector is se-
lected from the group consisting of: an adenovirus
vector, a parvovirus vector, a herpes virus vectorand
a retroviral vector.

The vector of claim 5, wherein the viral vector is se-
lected from the group consisting of an adenovirus
associated virus (AAV) vector.

A cell comprising a vector of any of claims 1 to 6.

A recombinant transfection system, comprising: (i)
the vector of any of claims 1 to 6; and (ii) a gene
delivery composition for delivering said vector to a
cell and causing said cell to be transfected with said
vector.

The recombinant transfection system of claim 8,
wherein said gene delivery composition is selected
from the group consisting of a recombinant viral par-
ticle, a liposome, and a poly-cationic nucleic acid
binding agent.

A method of inactivating a target sequence in ge-
nomic DNA of an isolated cell in vitro, comprising:
introducing a vector according to any of claims 1 to
6 into the cell, whereby the target sequence is
changed by the repair substrate of the vector upon
recombination between the repair substrate and the
target sequence.

The method of claim 10, wherein the repair substrate
is inserted at a transcriptionally active site or is op-
erably linked to a promoter in a vector.

The vector of any of claims 1 to 6 for use in amelio-
rating, treating or preventing, a disease caused, in
part of in whole by a genomic target sequence.

The vector for use of claim 12, wherein the disease
is an infectious disease, and wherein the genomic
target sequence contributes to the susceptibility of
the individual to the infectious disease.

Patentanspriiche

1.

Plasmidvektor zur Verwendung in der Integration ei-
nes Reparatursubstrats in genomische DNA, wobei
der Vektor umfasst
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(a) eine Nukleinsdure, die zwei chiméare Nukle-
asen kodiert, wobei jede chiméare Nuklease um-
fasst:

(i) eine DNA-Bindedoméane, umfassend
mindestens drei Zinkfingerdomanen;

(i) eine Fok I-Spaltdoméne;

(iii) ein Zellkernlokalisierungssignal (NLS),

wobei die chimaren Nukleasen dimerisieren, um
die genomische DNA zu spalten; und

(b) eine Nukleinsaure, die ein Reparatursubstrat
umfasst, das umfasst:

(i) eine Nukleinsduresequenz, die im We-
sentlichen identisch ist zu einer Region, die
eine Zielsequenz in chromosomaler DNA
flankiert;

(i) eine Nukleinsauresequenz, die die Ziel-
sequenz nach Rekombination zwischen
dem Reparatursubstrat und der Zielse-
quenz in Folge der Spaltung der genomi-
schen DNA durch ein Heterodimer der chi-
maren Nukleasen nach (a) ersetzt und wei-
terhin,

wobei die genomische DNA in Folge der Inte-
gration des Reparatursubstrats inaktiviert wird.

Vektor nach Anspruch 1, wobei die DNA-Bindedo-
mane an eine Erkennungssequenz bindet, die an
einer Position in einem Saugergenom innerhalb von
mindestens 500 Basenpaaren eines Allels auftritt,
das zu einer genetischen Krankheit beitragt, und wo-
bei die Erkennungssequenz mindestens 9 Nukleoti-
de umfasst.

Vektor nach Anspruch 1 oder 2, wobei die Nuklein-
saure, die die chimare Nuklease kodiert, funktionell
mit einem Promoter zur Expression in einer Sauger-
zelle verknUpft ist und der Promotor gegebenenfalls
ein induzierbarer Promoter ist.

Vektor nach einem der Anspriiche 1 bis 3, wobei der
Vektor ein viraler Vektor ist.

Vektor nach Anspruch 4, wobei der Vektor ausge-
wahlt ist aus der Gruppe bestehend aus: einem Ade-
novirus-Vektor, einem Parvovirus-Vektor, einem
Herpesvirus-Vektor und einem retroviralen Vektor.

Vektor nach Anspruch 5, wobei der virale Vektor aus-
gewahlt ist aus der Gruppe bestehend aus einem
Adenovirus-assoziiertem Virus(AAV)-Vektor.

Zelle, umfassend einen Vektor nach einem der An-
spriiche 1 bis 6.
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Rekombinantes Transfektionssystem, umfassend:
(i) Vektor nach einem der Anspriiche 1 bis 6 und (ii)
eine Geniibertragungszusammensetzung zur Uber-
tragung des Vektorsin eine Zelle und das dafir sorgt,
dass die Zelle mit dem Vektor transfiziert wird.

Rekombinantes Transfektionssystem nach An-
spruch 8, wobei die Genlbertragungszusammen-
setzung ausgewahlt ist aus der Gruppe bestehend
aus einem rekombinanten viralen Partikel, einem Li-
posom und einem polykationischen Nukleinsdure-
Bindungsagens.

Verfahren zur Inaktivierung einer Zielsequenz in ge-
nomischer DNA einer isolierten Zelle in vitro, umfas-
send:

Einbringen eines Vektors nach einem der Anspriiche
1 bis 6 in eine Zelle, wobei die Zielsequenz durch
das Reparatursubstrat des Vektors nach Rekombi-
nation zwischen dem Reparatursubstrat und der
Zielsequenz verandert wird.

Verfahren nach Anspruch 10, wobei das Reparatur-
substrat in eine transkriptionell aktive Stelle einge-
baut wird oder funktionell mit einem Promoter in ei-
nem Vektor verknipft ist.

Vektor nach einem der Anspriiche 1 bis 6 zur Ver-
wendung in der Linderung, Behandlung oder Pra-
vention einer Krankheit, die ganz oder teilweise
durch eine genomische Zielsequenz verursacht
wird.

Vektor zur Verwendung nach Anspruch 12, wobei
die Krankheit eine infektiése Krankheit ist und wobei
die genomische Zielsequenz dazu beitrégt, dass das
Individuum fir die infektiose Krankheit anfallig ist.

Revendications

Vecteur plasmidique destiné a étre utilisé dans I'in-
tégration d’un substrat de réparation dans un ADN
génomique, le vecteur plasmidique comprenant

(a) un acide nucléique codant deux nucléases
chiméres, chaque nucléase chimére compre-
nant:

(i) un domaine de liaison a un ADN compre-
nant au moins trois domaines de doigt de
zinc;

(i) un domaine de coupure Fok [;

(iii) un signal de localisation nucléaire
(NLS),

dans lequel les nucléases chiméres se diméri-
sent pour couper un ADN génomique; et
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(b) un acide nucléique comprenant un substrat
de réparation qui comprend:

(i) une séquence d’acide nucléique qui est
pratiquement identique a une région flan-
quant une séquence cible dans un ADN
chromosomique; et

(i) une séquence d’acide nucléique qui
remplace la séquence cible suite a une re-
combinaison entre le substrat de réparation
etlaséquencecible aprés coupure de '’ADN
génomique par un hétérodimeére des nuclé-
ases chimériques de (a) et, en outre,

dans lequel TADN génomique est inactivé
apres lintégration du substrat de répara-
tion.

Vecteur selon la revendication 1, dans lequel le do-
maine de liaison a un ADN se lie a une séquence de
reconnaissance qui survient en une position dans
un génome de mammifére située dans les au moins
500 paires de bases d’'un alléle qui contribue a un
trouble génétique, et dans lequel la séquence de re-
connaissance comprend au moins 9 nucléotides.

Vecteur selon la revendication 1 ou 2, dans lequel
I'acide nucléique codant la nucléase chimére est lié
de maniére fonctionnelle a un promoteur pour I'ex-
pression dans une cellule de mammiféere, et éven-
tuellement le promoteur est un promoteur inductible.

Vecteur selon 'une quelconque des revendications
1 a 3, lequel vecteur est un vecteur viral.

Vecteur selon larevendication 4, lequel vecteur viral
est choisi dans le groupe constitué par: un vecteur
adénoviral, un vecteur parvoviral, un vecteur herpé-
sviral et un vecteur rétroviral.

Vecteur selon larevendication 5, lequel vecteur viral
est choisi dans le groupe constitué par un vecteur
viral associé a un adénovirus (AAV).

Cellule comprenant un vecteur selon I'une quelcon-
que des revendications 1 a 6.

Systeme de ftransfection par recombinaison
comprenant : (i) le vecteur selon I'une quelconque
des revendications 1 a 6; et (ii) une composition de
délivrance de géne pour délivrer ledit vecteur a une
cellule et faire en sorte que ladite cellule soit trans-
fectée avec ledit vecteur.

Systeme de transfection par recombinaison selon la
revendication 8, dans lequel ladite composition de
délivrance de géne est choisie dans le groupe cons-
titué par une particule virale recombinée, un liposo-
me, et un agent de liaison a un acide nucléique po-
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lycationique.

Méthode d’'inactivation d’'une séquence cible dans
un ADN génomique d’une cellule isolée in vitro, com-
prenant:

lintroduction d’un vecteur selon 'une quelconque
des revendications 1 a 6 dans la cellule, en consé-
quence de quoi la séquence cible est changée par
le substrat de réparation du vecteur suite a une re-
combinaison entre le substrat de réparation et la sé-
quence cible.

Méthode selon la revendication 10, dans laquelle le
substrat de réparation est inséré au niveau d’un site
actif du point de vue transcriptionnel ou est lié de
maniéere fonctionnelle a un promoteur dans un vec-
teur.

Vecteur selon I'une quelconque des revendications
1 a 6, destiné a étre utilisé dans I'amélioration, le
traitement ou la prévention d’'une maladie provo-
quée, en totalité ou en partie, par une séquence cible
génomique.

Vecteur destiné a étre utilisé selon la revendication
12, dans lequel la maladie est une maladie infectieu-
se, etdans lequel la séquence cible génomique con-
tribue a la sensibilité de l'individu a la maladie infec-
tieuse.
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